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Abstract
OPTIMIZATION OF A NOVEL NIPAM-BASED THERMORESPONSIVE
COPOLYMER FOR INTRAMUSCULAR INJECTION AS A
MYOBLAST DELIVERY VEHICLE TO COMBAT
PERIPHERAL ARTERY OCCLUSIVE DISEASE

Quentin Reece Klueter

There is a need for a minimally invasive delivery method to enable cell therapies to combat
peripheral artery occlusive disease (PAOD) in end stage patients. Myoblasts show promise as a
cell mediated therapy but warrant an improved delivery method to increase cell retention in the
region of interest because of their adherent nature, relative to previously used BM-MNC’s that
are non-adherent. Contemporary issues with achieving successful cell therapies of vasculature can
be mainly characterized by the lack of clinical translation from promising animal studies and
absence of cell delivery scaffolding. Naturally, polymers have been widely experimented with as
grafts to both culture and implant cells into tissue with recognizable success due to their
analogous physical properties, such as stiffness, hydrophilicity, & surface energy, that mimic
tissue conditions. Polymers having similar mechanical properties to anatomical structures are
conducive to cell integration & retention, making polymers an effective biomaterial choice as a
cell delivery vehicle. This thesis will evaluate the application of N-isopropylacrylamide (NIPAM)
based copolymers as a biomaterial scaffold for myoblast delivery, as it is one of the most widely
used biocompatible polymers with thermoreversible properties that is non-toxic and has
manipulatable mechanical properties. We hypothesized that fluctuations in polymer construct
stiffness, surface energy, and water retention affect myoblast proliferation & viability within the
cell delivery vehicle. After measuring the physical properties and cellular proliferation in for each
polymer composition, the goal of this thesis was to establish a statistical model to characterize the
effect of polymer material properties on myoblast behavior and create a predictive model to
optimize further iterations of NIPAM-based copolymers for cell delivery.
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Chapter 1: Introduction
1.1 Peripheral Artery Occlusive Disease
Peripheral artery occlusive disease (PAOD) of the lower extremities affects up to 10 % of
Americans1. Claudication, pain experienced due to the lack of blood flow to the extremity, is the
most common symptom, affecting approximately 30 to 40% of patients with PAD1. However,
over 50% of patients are asymptomatic, which increases the difficulty of appropriately diagnosing
and treating the disease1. Peripheral
artery occlusion disease is due to
atherosclerotic plaque accruing in the
lumen of arteries in extremities2 (Figure
1). Atherosclerosis is an ancient,
universal disease that is a byproduct of
turbulent blood flow through branched
circulatory vessels3. Sustained ischemia
induces hypoxia, which leads to necrosis
of the surrounding tissue. Attempts at
revascularization have temporarily halted
PAOD in a fraction of patients, restoring

Figure 1: Peripheral Arterial Occlusive Disease2.
Obstruction of the artery due to plaque accumulation
diminishes blood flow to extremities.

muscle function, and reducing pain, but are often not long-term solutions by themselves4.
Angioplasties and peripheral bypass surgeries can open arteries and increase blood flow to the
ischemic regions, but are not feasible for no-option patients4. These treatments are not
regenerative so the health related quality of life decreased over the course of a decade in terms of
physical function, emotional health, and self-reported Visual Analogue Scale (VAS) post
revascularization treatment4. Due to a lack of efficacious long-term therapies and treatments,
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there is necessity to develop novel therapies to better combat PAOD and its symptoms with
sustainable long-term revascularization of ischemic tissue.
The danger of PAOD is in the lack of natural bypass formation and remodeling to circumvent
tissue ischemia after occlusion occurs, not in the immediate loss of oxygen & nutrient diffusion
experienced3, but the process of arteriogenesis could be stimulated to combat PAOD and its
symptoms5,6. Arteriogenesis is the naturally occurring process by which arteriole endothelial cells
mechanically detect increased shear stress caused by occlusions that block blood flow of the
proximal artery. Outwardly remodeling and enlargement of arteriole collaterals through
arteriogenesis normalizes the shear stress7. Occlusions that block blood flow in an artery will
increase shear stress experienced by the proximal artery, enlarging bypass collateral to equalize
the shear stress. These collaterals, a special type of natural arteriole bypass, can restore perfusion
to ischemic regions.
1.2 Induced Collateral Arteriogenesis as a Cell Therapy
Increased blood flow and perfusion to ischemic tissues from naturally forming collaterals via
arteriogenesis offers an alternative long-term treatment for combating PAOD through
revascularization when surgical interventions that temporarily open or stent vasculature are not
viable for patients4,7. Factors involved in arteriogenesis-inducing pathways, like vascular
endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), hepatocyte growth
factor (HGF), and granulocyte colony stimulating factor (G-CSF) were delivered during genebased and protein-based therapies attempt to stimulate arteriogenesis and are safe but not
efficacious in inducing long-term revascularization, ulcer healing, and increased quality of life7,8.
Cell based therapies are considered a superior method over gene transfection, that is best applied
to monogenic diseases like Duchene’s muscular dystrophy (DMD)9, because a cell type or group
of cell types can proliferate, hone to the site of injury or remodeling, and self-regulate the release
of multiple factors into the target tissue to promote a complex process like arteriogenesis10,11.
Over the past few decades, various studies utilized bone marrow mononucleated cells (BM-
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MNCs) and peripheral blood mononucleated cells (PB-MNCs) for their angiogenic properties, but
these cells failed to effectively induce arteriogenesis when introduced into ischemic tissues during
clinical trials, despite first yielding promising results in animal studies7,11,12. Because BM-MNC
& PB-MNC therapies were ineffective in producing therapeutic effects in humans, more specific
cell types were tested to improve resemblance of implanted cells to ischemic tissue.
Hematopoietic stem cells (HPSCs) were hypothesized to affect arteriogenesis because of their
ability to differentiate into most cell types of the vascular wall as multipotent stem cells and
production of endothelial cells (ECs)13. Bone marrow mesenchymal stem cells (BM-MSCs) were
also hypothesized to affect arteriogenesis because of their ability to differentiate into various
mesenchymal cell types, such as those of the vascular wall, and secretion of pro-regenerative &
anti-inflammatory paracrine factors14. However, both HSPCs & BM-MSCs injected intravenously
in saline had no effect on amputation reduction7,11,12. Progressing to a cell of myogenic niche that
resides near peripheral collaterals and are skeletal muscle derived, rather than bone marrow or
blood derived, myoblasts show promise in further improving upon BM-MNC cell therapies for
arteriogenesis because they secrete angiogenic factors15,16. A type of adherent early-stage
progenitor muscle cell that expresses MyoD and is native to the ischemic region, myoblasts
increase specialized collateral arteriogenesis in both arterioles and capillaries5,6 and promote
angiogenesis17,18 possibly by releasing cytokines and other factors to recruit monocytes or
polarizing macrophages to the M2 phenotype, which are linked to arteriogenesis15,16. Increased
collateral arteriogenesis could improve outcome in patients with PAOD.
Cell-mediated therapy is useful for its self-regulated dispersion of cell factors into tissue but
necessitates a repeatable and minimally invasive implantation technique that can sustain myoblast
viability after injection. Direct, localized injection is ideal for both adherent and circulating cell
types because it allows for increased paracrine delivery in ischemic tissue11,12. Therefore, there is
a need for a delivery vehicle that can be used for IM injections, as is currently performed in
clinical trials. While the implementation of myoblast mediated cell therapy is promising,
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myoblasts necessitate a delivery that greater improves upon intravenous saline injection to allow
for intramuscular injection in the ischemic region. When using myoblast muscle progenitor cells
to enhance muscle regeneration without a delivery vehicle, 10% were killed upon injection, 60%
died within an hour, and greater that 90% died within a day18. These cells are adherent and will
not survive a saline injection without scaffolding to support cell adhesion18,19. Patients who are
receiving cell transplantation therapies are typically no-option PAOD patients where a minimally
invasive therapy is favorable because the patients are not likely to recover more aggressive
revascularization strategies like bypass surgeries7. The goal of this minimally invasive therapy is
to transplant enough therapeutic cells, such as myoblasts, to promote arteriogenesis in a clinically
translatable cell delivery vehicle that improves upon saline injection by incorporating a cell
delivery scaffold to accommodate the adherent myoblasts and prevent migration away from the
ischemic region. It can be hypothesized that maximizing the cells retained in the ischemic tissue
would maximize the release of arteriogenic factors and therefore maximize the effect of the
therapy on inducing arteriogenesis. Theoretically there exists an upper limit to cellular seeding
density that would no longer be beneficial for the therapy, of which myoblasts transplanted in
excess number would not have access to sustainable perfusion, but this limit has yet to be
detected empirically.
1.3 Thermoreversible Polymers as Myoblast Delivery Vehicles
Minimally invasive intramuscular injection of adherent myoblasts necessitates a delivery vehicle
that remains aqueous during injection but transitions to secures cells post injection, limiting
migration from the region of interest. Scaffolding that mimic connective tissue and extra cellular
matrix (ECM) will allow for proper cellular adhesion20,21 to support the effect of myoblasts on
promoting arteriogenesis. Polymeric scaffolds are the obvious material choice to mimic
anatomical scaffolding because polymer hydrogels are composed of linear chain matrix just like
the protein hydrogel matrix that comprises ECM. With comparable microstructures to ECM,
certain natural and synthetic polymers can mimic its material and mechanical properties to
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reproduce similar cellular interactions with low toxicity22. Saline-soluble natural biopolymers
capable of providing structure to the adherent myoblasts, such as naturally derived fibrinogen &
thrombin gel matrix23, are available to use as inherently biocompatible adherent scaffolding
material. However, natural biopolymers are limited in their efficacy due to inconsistent
mechanical integrity, low tunability, and high-cost manufacturing (e.g. human fibrinogen is
approximately $400 per g). Other biopolymers like collagen, chitin, keratin and alginate are
similarly not desirable, being difficult to sterilize and having poor mechanical strength &
stability24. Synthetic polymers are desirable for their more easily tunable material compositions.
Manipulating the material composition or microstructure of a synthetic polymer can yield
different mechanical or chemical properties and consequently different cellular responses when
implanted, where most natural biopolymers are not able to have their material properties
manipulated24,25. Other biologically derived but synthetic polymers, such as elastin-like
polypeptides (ELP) and silk-elastin-like polypeptides (SELP), have been used for drug and
protein delivery but require costly bacteria mediated recombinant protein-based synthesis and
appear to have microstructures too spatially constrictive for cell transplantation26,27. However,
fully synthetic polymer can have thermoreversible properties that allow them to be used as cell
delivery vehicle to intramuscularly inject cells in similar fashion to intravenous saline injections
but has the additional benefit of providing a scaffold to the adherent myoblasts in a specific target
muscle region rather than systemic and unsupported injection to the circulatory system.
Intramuscular injection also avoids surgical incisions of skin and connecting fascia necessary for
surgical revascularization, which allows for the direct access of cell therapy to the region of
interest while being minimally invasive. It is practical for a polymer to remain aqueous at room
temperature but quickly transition post-injection at physiological temperature, allowing cells to be
transferred to the ischemic region and secured in place after arrival. Cloud point temperature is
the main metric that characterizes polymer thermoreversibility, referring to the temperature at
which an aqueous polymer suspension transitions to a semi-solid phase. The ideal
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thermoreversible polymer has a cloud point temperature between room temperature and
physiologic temperature.
Several non-toxic synthetic thermoreversible polymers are available to use as cell delivery
vehicles but all differ in their ability to be injected and support cell viability. Poly(e-caprolactone)
(PCL) has a cloud point temperature under aqueous conditions between 80-120°C far above
physiological conditions28 making a poor injectable vehicle and is hydrophobic which will
prevent cell adhesion, making a poor myoblast scaffold24. Poly(2-(N-diethylamino) ethyl
methacrylate) (PDMAEMA) has a cloud point temperature dependent on pH, but requires a pH
greater than 10 to decrease the cloud point temperature below physiological conditions which
renders it unusable25. Poly(ethylene-glycol) (PEG) is minimally immunogenic, hydrophilic, and
can be crosslinked to manipulate stiffness and hydrophilicity, but crosslinking is not feasible postinjection so its tunability is limited and lacks cell-interactive behavior due to its bio-inert nature24.
Poly(ethylene oxide) (PEO) is effectively a different way to synthesize PEG but inhibits protein
adsorption and therefore adhesive protein binding, preventing cell adhesion24. Poly(N-vinyl
caprolactam) (PNVCl) has a cloud point temperature of 30-32°C when aqueous which is
dependent on molecular weight and presence of ions in solution, however, residual monomer
product resulting from poorly controlled polymerization of the NVCL monomer is a consequence
of poor radical stability, which introduces inconsistent manufacturing and cellular toxicity due to
residual monomer25. Poly(N-isopropylacrylamide) (pNIPAM) has an initial cloud point
temperature of 32°C when aqueous and permits further tuning of cloud point temperature that
allows for optimization at different dissolution weight percent, solvents, & copolymerization
ratios24,28,29. However, to best support cell adhesion and proliferation, pNIPAM must be dissolved
in cell culture media with the correct pH and nutrients to support myoblasts, which necessitates
copolymerization with other monomers to readjust the cloud point temperature. pNIPAM is also
hydrophilic and should permit cell adhesion. Because of its superior tunability and its hydrophilic
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nature unique from most biocompatible polymers, pNIPAM was selected for optimization as an
injectable myoblast delivery vehicle.
After sufficient thermoreversibility is established to ensure workability & proper injection, the
polymer scaffold needs to be evaluated as permissive to paracrine factor secretion and supporting
cell viability & proliferation30. Cell viability is the most critical metric of cell delivery vehicle’s
effectiveness in vitro. However, to determine the efficacy of a myoblast delivery vehicle, the
vehicle must be validated first as biocompatible with myoblasts prior to assessing the effect on
arteriogenesis. Biocompatability in this context can be defined as conducive to myoblast viability
and generally non-toxic. Cytotoxicity of pNIPAM has been extensively studied31–33. pNIPAM
nanoparticles can be metabolized in vitro by lysosomes within the cell without cytotoxic or
genotoxic response34. Even if a full-length polymer chain is non-toxic, it is critical to understand
the degradation byproducts of a polymer when assessing biocompatibility35. Hydrolyzed
pNIPAM yielded no difference in cell viability over the course of 10 days33.
After the cell delivery vehicle is validated as non-toxic, injectability of the cell delivery vehicle
must be established. To optimize the polymer for myoblast delivery and survival, the material
must not be viscous enough to kill the cells during injection with excess shear force, but also
maintain a sufficiently stiff microstructure to support cell adhesion long enough to for the cells to
release paracrine factors to promote arteriogenesis in the region of interest post-injection36,37.
Myoblast cell death beyond one day post injection can be mainly attributed to inflammation37–39,
but pNIPAM can be hypothesized to combat this by inhibiting T-cell infiltration post injection in
its semi-solid hydrogel model40. Myoblasts have yet to be evaluated in NIPAM-based
copolymers, but similarly adherent & myogenic MSCs differentiate and proliferate when
embedded within NIPAM-based constructs of similar stiffness to muscle tissue41. In rat MSC’s,
the degree of myogenic differentiation and proliferation can be modulated from tuning the
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polymer hydrogel elastic modulus by manipulating molecular weight and ratio of constituent
monomers of the synthesized copolymer prior to dissolution and implantation41.
Since NIPAM can be copolymerized with other monomers to manipulate proliferation,
differentiation, and paracrine factor release in MSCs & endothelial stem cells (ESCs)23, we
hypothesize similar effects on primary myogenic cells as well. Typically used for drug
delivery10,27,32, pNIPAM has only begun to be used as cellular delivery vehicle with a variable
cloud point40,42 and stiffness 24,28,29,38 depending on copolymerization with other monomers. Given
its cost effectiveness, scalability tunable material properties, and expected compatibility with
myogenic cell types, pNIPAM has great potential for clinical implementation of a range of
therapeutic applications when copolymerized with other non-toxic monomers of similar
hydrophilicity. The aim of this thesis is to optimize the NIPAM-based copolymer for injectability
& biocompatability by copolymerization with increasing amounts of hydrophilic monomers
hydroxyethyl acrylate (HEA) or hydroxyethyl methacrylate (HEMA) to control both the cloud
point temperature and resulting mechanical properties of the final hydrogel. NIPAM-based
copolymers are a strong alternative for the transplantation of myoblasts intramuscularly because
of their proclivity towards promoting myogenic behavior, tunable stiffness, and manipulatable
thermoreversibility.
1.4 Effect of Cloud Point Transition Temperature on Thermoreversibility
The most critical property of a thermoresponsive polymeric cell delivery vehicle is its ability to
be injected under clinical conditions. Thermoresponsive polymers are especially sensitive to
fluctuations of temperature, and can transition quickly from one state to another, in both
directions, in response to fluctuations of temperature. NIPAM copolymers exhibit both thermal
sensitivity and reversibility that can be characterized by a cloud point temperature. The cloud
point temperature is a measure of when the viscous aqueous polymer precipitates out of solution
into a quasi-solid hydrogel state, resulting from an increased thermal energy. At higher
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concentrations and increasing temperatures, pNIPAM chains undergo intermolecular interactions
and ionic crosslinking that leads to thermal gelation. The presence of ions, primarily Ca+, is
necessary for reversible gelation. The p(NIPAM-HEMA) copolymer has a cloud point of
approximately 28°C, where both storage and loss moduli abruptly increase by several orders of
magnitude when measured via dynamic mechanical analysis (DMA)43 (Figure 2).

Figure 2. Dynamic modulus of 6%W/V Aqueous P(NIPAM-HEMA) microgel in 0.154M
NaCl solution over increasing temperature.43 Dramatic increase in dynamic modulus achieved
when increasing the polymer’s temperature from 25-30°𝐶, indicative of phase transformation from
aqueous state to semi-solid hydrogel. Reprinted with permission from Biomacromolecules.
Copyright 2009 American Chemical Society.

Preliminary observations in NIPAM-based polymers, copolymerized with HEMA and HEA,
demonstrated a similar transition dramatically from an aqueous solution to a semi-solid hydrogel
over a -narrow temperature window. Injectability of the aqueous polymer depends directly on the
cloud point temperature, where higher cloud points yield greater workability at room temperature
and lower cloud points are less resistant to premature transition into a hydrogel. The optimal
cloud point temperature will allow for maximum workability during injection yet maintain a
sufficiently quick transition to a hydrogel when exposed to physiological temperature.
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A way to manipulate the thermoresponsive rate of a polymer hydrogel is to adjust the mass of
polymer dissolved in a fixed volume of liquid. Specifically, preliminary observations
demonstrated that increasing the weight percent of the aqueous copolymer solution, which
increases the level of saturation and polymer present to undergo transition, decreased the
workability of the aqueous polymer even below the cloud point temperature. Higher weight
percent solutions can cause the polymer to transition prematurely and be increasingly more
difficult to handle. Lower weight percent solutions are more likely to be stable at room
temperature. A sufficiently high weight percent must be selected that is saturated enough to
encapsulate the myoblasts post-injection, but a sufficiently low weight percent that is not over
saturated and would inhibit injection due to increased viscosity or premature transition.
1.5 Effects of Mechanical and Physical Properties of NIPAM-based copolymers on Cell
Behavior
Cell behavior is affected by their physical environment. The purpose of this thesis is to establish
relationships between cell behavior and relevant polymer mechanical and chemical properties.
For an intramuscular cell delivery model of adherent myoblasts, stiffness, water retention, and
surface energy of the hydrogel influence myoblast adhesion44–46. Increased cell adhesion &
encapsulation translates to increased cell proliferation21,23,44,47.
1.5a Elastic Modulus
Each type of organ, tissue, and cell has different mechanical properties that reflect its function.
Most mammalian soft tissue has a stiffness of approximately 1 MPa48, but muscle tissue has a
stiffness of 10-11 kPa49,50 and myoblasts have a stiffness ranging from 1– 50 kPa51. Cells respond
to their environments primarily by mechanoreception of stress & strains, so it is logical to design
a myoblast delivery vehicle after a cell’s native tissue. To design an appropriate cell delivery
vehicle for myoblasts, the construct should mimic or increase upon muscle tissue stiffness
because stiffness regulates cellular adhesion, spreading, and proliferation41. One practical way to
quantify cellular adhesion is by measuring the pressure necessary to detach adhered cells49.
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Pressure of detachment ranges from 0 – 5 MPa for weak adhesion, 5 – 20 MPa for intermediate
adhesion, and an excess of 20 MPa for strong adhesion that approaches a maximum at 30 MPa49.
Weak adhesion is observed in a hydrogel below an elastic modulus of 1kPa, while stronger
adhesion is observed in a range of elastic moduli between 1-20kPa, and adhesion reaches a
maximum approaching 100kPa in myoblasts. Myoblast adhesion and spreading increases as
elastic modulus increases but is most sensitive to fluctuations in stiffnesses between 1-20kPa,
which are closest in proximity to physiological stiffness49 (Figure 3).

Figure 3. Myoblast adhesion in response to manipulation of elastic modulus.49 Examines the
effects of modulating the natural stiffness by both increasing & decreasing the elastic modulus by
one degree for an effective range of 0.1 kPa ≤ E ≤ 140 kPa. Reprinted with permission from The
Journal of Physical Chemistry. Copyright 2013 American Chemical Society.

Substrate stiffness is also hypothesized to affect cell spreading and morphology. Myoblast
morphology remains largely spherical with minimal spreading on copolymer substrates with low
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elasticity of only 0.1 – 1 kPa. A modulus of 1- 20 kPa increases angularity, with no further
changes above 20 kPa49. A higher elastic modulus is proportional to higher angularity in
myoblasts49 (Figure 4). The increased stiffness of the gelatin in (Figure 4B) encourages cell
spreading of the myoblast progenitor cells adhered to its surface, while the gelatin in (Figure 4A)
discourages cell spreading of the myoblasts. Alternatively, it is possible that this response reflects
how the myoblasts are adhering and spreading differently due to a discrepancy in surface energy
as well, but no data on surface energy of the substrate was collected.

Figure 4. Myoblast adhesion over 24-hour period on increasingly stiff gelatin substrates.49
Increased angularity and cell spreading because of their adhesion to the stiffer substrate. Myoblasts
remain less adhered to the more compliant substrate over the same 24-hour period of culture.
Reprinted with permission from The Journal of Physical Chemistry. Copyright 2013 American
Chemical Society.

Holding water retention constant in NIPAM-based copolymer substrates, an intermediate stiffness
analogous to physiological conditions induced differentiation of mesenchymal stem cell (MSC’s),
while an increased stiffness encouraged proliferation but not differentiation41 (Figure 5).
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Figure 5. Immunostaining of live MSC’s over two-week period of three varying yield strength
NIPAM-based copolymers.41 PNAH-oligoHB(2), which had the highest yield strength, had the
highest increase in cell density over a two week time period. The other two NIPAM copolymers
did not have different changes in cell density over the same period.

This relationship between substrate compliance and cellular response has been well explored41.
By modulating the stiffness of the resultant hydrogel relative to anatomical stiffness, we
hypothesize increased stiffness will increase viability & proliferation of the myoblasts within the
construct and contrarily, decreased stiffness will decrease viability & proliferation.

1.5b Surface Energy
Surface energy is a critical inherent material property quantified by the excess energy present at
the surface relative to the bulk. This metric allows for the characterization of how well water will
wet the surface. Materials with higher surface energies, relative to water, have greater wettability.
The wettability of a material substrate is a measure of the surface tension that presses cells against
a surface, dictating the strength of adhesion52. Wettability is the ability of water to spread over the
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surface and hydrophilicity is the attractiveness of water to the surface. Surface energy affects
both; wettability measures potential for cell spreading while hydrophilicity measures potential
cellular adhesive forces. The optimal range53 of surface energies is 5-32 Dyne/cm. At low surface
energies, binding proteins denature which prevents them from sufficiently tethering to the
substrate surface while non-adhesive proteins sterically block the binding proteins from reaching
the surface53. At high surface energies, the binding proteins are thermodynamically inhibited from
binding to the substrate surface by extreme wettability53. Surface energy of a substrate affects cell
adhesion and consequently cell viability for two-dimensional substrates, but for threedimensional substrates the effect of surface energy is uncertain. Three-dimensional constructs like
polymeric gels with greater total surface area than two-dimensional scaffolds could amplify the
effects of surface energy on cell adhesion20. It can be hypothesized that surface energy has
translatable effects between 2D and 3D vehicles, but this has yet to be tested extensively.
1.5c Water Retention
While surface energy is an inherent material property, water retention is an important
macroscopic property of hydrogels because it is indicative of the bulk hydrophilicity, porosity,
and permeability of the polymer hydrogel54. Increased water retention entails a greater surface
area to volume ratio, allowing for a greater density of binding sites for adhesion proteins20
(Figure 6). Surfaces that are more hydrophilic are favorable for cellular adhesion because of the
similar hydrophilic nature of the externally facing phosphate head groups composing the surface
of cellular membranes and the hydrophilic adhesion proteins that link the cell membrane to the
substrate surface. Similar polarity of these surfaces induces attractive intermolecular forces, such
as hydrogen bonding, which drives cellular migration to the substrate and allow hydrophilicsurface-favoring adhesion proteins to bind for more permanent attachment46,53. Hydrophilicity
and water retention also affects the biodegradability, as the presence of water quickens the rate at
which ester & amide bearing polymer is hydrolyzed into smaller oligomers55. To be an effective
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delivery vehicle, the rate of biodegradation must not exceed the time necessary for the myoblasts
to induce arteriogenesis. NIPAM copolymerized with acrylic acid (AC) and HEMA exhibited
minor degradation over the course of six weeks in PBS at 37°C 41 so premature biodegradation of
the construct is not of concern in a construct consisting of NIPAM copolymerized with HEMA
and HEA that exhibits the same carbon-carbon bonding. Over an extended period of time,
biodegradation of the esters and amides will gradually occur and will result in a loss of matrix
stiffness.

Figure 6. SEM image of the cross section of a p(NIPAM-HEMA) hydrogel.20 Webbed
microstructure with high surface area to volume ratio desirable for cellular integration, analogous
to that of ECM. Imaged after cloud point temperature has been exceeded.

At low weight percent’s, aqueous polymers will form biphasic hydrogels in which a precipitant
and a supernatant can be observed. The ratio of volumes between these two phases can be
measured as the polymer hydrogel’s water retention. With increasing amounts of water retained,
the polymer hydrogel increases its volumetric footprint. Increasing volume while maintaining a
constant mass results in greater porosity, because bulk porosity is defined as a void fraction where
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water is considered the void for hydrogel applications. Porosity is important for a cell scaffold as
it regulates the maximum size of cells that can exist spatially in the construct and dictates
paracrine diffusion through the gel56. Diffusion of nutrients is also critical to cell survival57, but
diffusion of paracrine factors dictates the efficacy of the hydrogel as a cell delivery vehicle.
1.6 Summary
In summation, PAOD is a life-threatening disease that affects a large portion of the population
and many attempts at therapy through revascularization have been attempted. Surgical
intervention has already proven beneficial in combatting ischemia of tissue in a fraction of
patients, but cell mediated therapies are a novel minimally invasive alternative therapy that still
need to demonstrate clinical efficacy. However, adherent cell therapies using myoblasts show
more promise of inducing arteriogenesis due to being native to the muscle tissue, as opposed to
BM-MNC’s that circulate through the vasculature. These more niche cells warrant a method of
injection and scaffolding that allows for adhesion when introduced to the ischemic tissue.
Thermoreversible polymers, such as NIPAM-based copolymers, can be injected as an aqueous
polymer solution and cell suspension at room temperature that transitions to a semi-solid at
physiological temperature. The most critical aspect of a thermoreversible construct is the cloud
point temperature, which is tunable for NIPAM-based copolymers and allows for a range of
possible transition temperatures to optimize delivery. Tunable mechanical and physical properties
of the polymer construct, such as stiffness, surface energy, and water retention, should modulate
proliferation and differentiation in myoblasts.
•

Specific Aim 1: Optimize thermoreversible polymer for intramuscular injection & evaluate
polymer mechanical and chemical properties.
o

Objective: prepare a polymer that is aqueous at room temperature and transitions
to a semi-solid at physiological temperature in a consistent, reliable, and userfriendly manner
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o

Objective: identify & implement methodology to measure polymer elastic
modulus, surface energy, & water retention

•

Specific Aim 2: Assess myoblast viability and proliferation of cell bearing polymer constructs invitro post-extrusion.
o

Objective: measure and compare myoblast proliferation in multiple polymer
formulations over time.

•

Specific Aim 3: Draw a relationship between myoblast viability & proliferation of cell bearing
polymer constructs in-vitro and the NIPAM-based copolymer’s mechanical & chemical
properties.
o

Objective: Attribute myoblast proliferation and fabricate a statistical model to
help predict optimal polymer properties to facilitate myoblast proliferation.

o

Hypothesis: Increased stiffness, increased water retention, and intermediate
surface energies will promote myoblast viability & proliferation in an injectable
thermoreversible NIPAM-based copolymer for myoblast delivery.
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Chapter 2: Methods
2.1 Polymer Synthesis
Copolymerization of N-isopropyl acrylamide (NIPAM) with varying amounts of monomers
hydroxyethyl acrylate (HEA) and/or hydroxyethyl methacrylate (HEMA) was achieved via free
radical polymerization (Scheme 1). To achieve different monomeric composition ratios of the
final polymer, the initial loading comonomer concentrations were manipulated. Monomer ratios
were altered for direct control over the microstructure of the copolymer to tune cloud point
temperature, permeability, water retention, and ultimately cell viability. Synthesized polymers are
represented as their respective weight percentages of each monomeric constituent in the scheme
of HEMA:HEA:NIPAM.

Scheme 1. Synthesis of HEMA/HEA and NIPAM to form Random Copolymer

2.2 Cloud Point Collection
A spectrophotometer utilizing UV-Vis was used to record the temperature each aqueous polymer
composition began to opacify and precipitate from the aqueous solution. Dry polymer (15mg),
was added to DI-H2O (20mL) and left to dissolve at 4°C overnight. UV-Vis analysis collected the
absorbance of 260 nm wavelength light over a temperature sweep from 15-50°C, at a rate of
0.06°C · sec-1. Absorbance was converted to transmittance and the cloud point temperature was
recorded as the temperature corresponding to 90% transmittance. The complete protocol is listed
in Appendix A.
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2.3 Testing for Polymer Water Retention
Water retention was calculated as volume percent of supernatant liquid phase remaining after
copolymer gelation (Equation 1). All polymers were prepared at 15% w/v in divalent cation free
phosphate buffered saline (DPBS, Fisher 14-190-144), dissolved overnight. Polymer was
transitioned on a hot plate set to 45°C for ten minutes before aspirating the supernatant phase and
measuring its volume.
𝑊𝑎𝑡𝑒𝑟 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 % =

𝑉𝐷𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 −𝑉𝑆𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡
𝑉𝐷𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑

𝑥 100

Eq. 1

2.4 Testing for Polymer Stiffness
Atomic force microscopy (AFM) was conducted in a penetrative contact mode to obtain forcedistance curves, in favor of less repeatable tensile testing (Appendix B). Cantilever spring
constant and tip shape are crucially dependent on elastic properties of samples; the polymer
hydrogels were soft and malleable, so a low stiffness cantilever and blunt conical tip were used to
best capture the polymer’s reaction force. The cantilever spring constant was calculated as 225.7
pN/nm by initial contact testing on a mica sample control, and the manufacturer specified the
conical tip to have a point of 40° 58. This initial contact testing was performed by recording the
force difference and resonance frequency by laser vibrometry thermal tuning, as per standard
practice in the Asylum AFM protocol. Force-distance interactions were translated to elastic
modulus by the Sneddon model (equation 2) where α represents the angle of the conical tip and δ
represents the indentation of the cantilever tip into the substrate59,60. Equation 2 is preferable due
to the sharp conical tip geometry (Appendix C) of the cantilever used for the experiment (Figure
7). The Poisson ratio, the ratio of transverse to axial strain under axial loading, across all the
copolymers was assumed to be 0.31, given that each monomer constituent has varying Poisson
ratios between 0.29 and 0.3361–64. Both the indentation and the retraction curves were obtained,
but only the indentation force data was processed because it is independent of the polymer’s
viscoelastic properties, an assumption for Equation 2. The retraction force is dependent on
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adhesive forces of the polymer which increases the force experienced by the AFM cantilever,
which disqualifies the retraction forces to be used in the Sneddon model. This model has been
validated in PEG hydrogels with stiffnesses even softer than physiological conditions, where no
difference was found between measurements with the AFM and measurements with the
rheometer59. Before force indentation, aqueous polymer was extruded as a thin film onto a heat
exchanger set to 37ºC where it transitioned into a hydrogel. Five force-indentation curves were
recorded for each copolymer composition at different locations on the hydrogel surface. These
curves were converted into stiffness-indentation curves by Equation 2, where the artificially high
stiffnesses recorded from initial approach of the conical tip contacting the polymer surface were
trimmed from each replicate. The remaining stiffness-indentation curve, approximately 1.5 µm in
depth as the tip approached the bulk of the material, was averaged to compute a single stiffness
for each replicate before all five replicates were averaged again to calculate an individual stiffness
for each respective copolymer composition.
2

δ2

𝐄 = 3.1415 ∗ (1−𝑣 2 ) ∗

tan(α)
𝐹

Eq. 2
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Figure 7. Tip Geometry & Interaction with Substrate. The Sneddon model relating force of
indentation (Equation 2) and elastic modulus of the substrate is geometry dependent. The angle of
cantilever tip, α, and indentation into the substrate, δ, depicted.
2.5 Calculating Polymer Solid Surface Energy
Polymer hydrogels were unable to undergo contact angle testing to calculate surface energy based
on droplet adhesion angle (Appendix D), therefore, a theoretical solid surface energy (Equation
3) was calculated by using the known solubility parameter (Equation 4) for each of the
constituent monomers and consequently calculating the weight average for each given ratio of
monomers. Equation 5 had an 𝑅 2 value greater than .95 by linear regression of 21 different
substrates’ surface energies against their solubility parameters suggesting that surface energy was
proportional to a materials solubility parameter65. Equation 6 is the simplification of Equation 5;
this was used to obtain theoretical surface energies for each polymer hydrogel65. Solubility
parameters and surface energies of each monomer constituent are outlined (Table 1)61–64.
𝛾=

𝑑𝑦𝑛
𝑐𝑚

Eq. 3

𝛿 = 𝑀𝑃𝑎.5
𝛾

Eq. 4

= 1.25𝛾 .65

Eq. 5

𝛾 = 1.88𝛿 .65

Eq. 6

1

𝛿3

Table 1. Surface Energy of Each Monomer Constituent
NIPAM

HEMA

HEA

Solubility Parameter (𝑀𝑃𝑎 .5 )

23.5

23.8

25.5

Surface Energy (Dyne/cm)

36.556

36.995

39.473

2.6 Animal Husbandry
California Polytechnic University Institutional Animal Care and Use Committee approved of all
protocols. Male and female C57BL/6 mice (Jackson Labs; Sacramento, CA) of age 4 to 6 weeks
were housed in groups of 2 to 6 per cage with ad libitum access to water, enrichment, and food
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(14% protein rodent maintenance diet, Envigo; Hayward, CA). The facility was temperature
controlled and maintained a 12 hour light, 12 hour dark cycle.
2.7 Myofiber Isolation
Primary myoblasts were obtained by the isolation of individual myofibers from the extensor
digitorum longus muscle, and the expansion of their constituent satellite cells, as described5.
Briefly, mice were anesthetized in an induction chamber with 5% isoflurane gas and euthanized
by cervical dislocation. Isopropanol (70% w/v IPA) was used to disinfect the mice and skin was
excised from knee to ankle before blunt dissecting the connective tissue above the tibialis anterior
(TA) muscle of both hind limbs. The TA was resected or reflected to access the Extensor
Digitorum Longus (EDL) for harvest, during which its origin and insertion tendons were cut
without stretching the muscle. All outlined procedures were performed simultaneously on both
hindlimbs to maintain similar digestion times for the EDL muscles. Both EDLs were placed
immediately in collagenase II solution (2mg·mL-1 type 2 collagenase [Worthington LS004176])
prepared immediately prior to dissection and incubated in a water bath at 37°C for 30-40 minutes
to degrade the connective tissue holding the myofibers together. The vial was inverted every 5-10
minutes and inspected for individual myofibers detaching from the muscle. Once individual
myofibers were observed, the entire muscle was relocated to a 100 mm petri dish (Fisher
FB0875713) coated with horse serum (HS, Fisher 16050122) and filled with of wash media (10%
fetal bovine serum [FBS, Fisher 10-437-028], 1% penicillin/streptomycin [Fisher SV30010] in
Hams F-10 media) via a HS coated large-bore glass pipette. Once in the petri dish, muscles were
mechanically digested further by careful trituration using wash media to push the muscle against
the petri dish wall. Once mechanical digestion of the muscles was complete and fibers ceased
migrating off the muscle belly, the myofibers were transferred to an identical petri dish coated in
HS and filled with 5mL of wash media. Viable myofibers were transferred from the second dish
to T25 (25cm2) flasks (Fisher FB012933) at a density of 100-150 fibers per flask. T25 flasks were
previously coated with extracellular matrix (ECM) proteins derived from murine sarcoma (Sigma
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E1270-1ML) and rocked overnight at 10rpm. The ECM consisted of growth factor depleted
collagen IV and laminin, which coats the bottom of the flasks providing a film to promote cell
adhesion to the surface of the culture flasks. Flasks were filled with 5 mL of wash media
containing myofibers and supplemented with 10ng·mL-1 bFGF (PeproTech 100-18B-100UG) and
10µM SB 203580 (p38 inhibitor, Fisher 120210) prior to incubation at 37⁰C and 5% CO2. The
detailed protocol is listed in Appendix E.
2.8 Myoblast Culture & Expansion
After isolation from the EDL muscle, satellite cells cultured from myofibers were fed growth
media (20% fetal bovine serum [FBS, Fisher 10-437-028], 1% penicillin/streptomycin [Fisher
SV30010] in Hams F-10 media). On day 2, media was partially changed by gently mixing a
supplemental 5mL of growth media into the T25 flask before aspirating half of the total mixed
growth media. This allows for the removal of non-adherent dead myofibers without disturbing
partially adhered myofibers. On days 4 & 6, media was fully changed with fresh growth media.
With each addition of fresh growth media, 10 ng·ml-1 bFGF and 10µM p38 inhibitor was also
included to aid in proliferation and discourage maturing of the myoblasts into myocytes.
Myoblasts were passaged once into cryovials for storage at approximately day 7 of culture, when
a confluence of 80% or greater was reached. During passaging, cells were rinsed with DPBS
(Fisher 14-190-144) to remove residual media & dead cells before pipetting 2 mL of EDTA
(Fisher- Gibco 13151014) and incubated at 37⁰C and 5% CO2 for 5 minutes to detach adhered
cells. After it aids in cell release from the flask, EDTA removes any residual Ca2+ which the
cadherin proteins require to maintain cell adhesion, causing cell separation from the flask. When
cryopreserving, cells were concentrated in 0.5mL of base media (1% penicillin/streptomycin
[Fisher SV30010] in Hams F-10 media), 0.4 mL of FBS (Fisher 10-437-028), and 0.1 mL DMSO
(SIGMA D2650). When thawing, cells were warmed in 37°C water bath and suspended in 10mL
growth media before centrifugation at 200 x g for 6 minutes. Cell pellets were resuspended in
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growth media at the working volume needed to mix with dissolved polymer solutions. Cells were
counted with hemocytometer (INCYTO DHC-N01-5). Protocol listed in Appendix E.
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2.9 Cellular Bioluminescence
To measure cellular abundance in the polymer constructs
over time, cellular bioluminescence was recorded. This
experiment consisted of subjecting polymer-cell solutions to
lysis buffer for the consequent measurement of ATP present
at increasing lengths of culture for each polymer
composition. The magnitude of ATP present is proportional
to cellular abundance. Primary myoblasts were utilized to
circumvent decreased ATP synthesis and metabolism
observed when approaching the sixth passage at a culture
period exceeding 4 weeks66. To begin, the polymer solution
was prepared by adding 75 mg of dry polymer to 0.5 ml of
myoblast base media and allowed to dissolve overnight at

Figure 8. Example Schematic of
Suspended Myoblast injection into
microcentrifuge tube of dissolved
polymer.

4°C to prepare a 15% w/v aqueous polymer solution. Using
a sterile tuberculin syringe with an autoclaved 14G needle
tip, both cooled to -20°C, 3 x 105 myoblasts suspended in
0.5mL of growth media were ejected evenly throughout each
polymer composition dissolved in microcentrifuge tubes
(Figure 8). Next, 50µL of this polymer-cell solution was
added to each well in a 96 well plate (Figure 9) and
incubated at 37°C for 10 minutes to allow the polymer to
transition before adding 50uL of myoblast growth media,
which yielded a seeding density of 15,000 cells per well.
After the polymer transitioned, the plates were incubated at
37°C for 24, 48, or 72 hours or tested immediately as the 0hour time point sample. To measure cell bioluminescence,

Figure 9. Example Schematic of
Polymer injection into Well Plate
& Subsequent Addition of Growth
Media.
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100µL of the Cell Viability Assay reagent (CellTiter-Glo® 3D, Promega Biosciences G9681)
was added to each well as prescribed in the provided protocol (Appendix F) and the plate was
placed in the GloMax bioluminescent plate reader. The plate reader stage was set for a 10-minute
shake period at 500rpm and a 20-minute wait period before recording bioluminescence for 0.3
seconds per well. Seeding density of 15,000 cells in polymer per well was chosen because it had a
signal to noise ratio (SNR) no less than 1,000 and did not exceed the limits of detection of the
GloMax. This SNR can be determined by observing that RLU levels for a seeding density of
15,000 per well varied between 1 and 10 million, depending on polymer composition, while RLU
levels of polymer without cells were on the order of thousands.
Scheme 3. CellTiter-Glo® 3D Cell Viability Assay Reaction

Positive controls were prepared that contained only myoblasts without polymer and negative
controls were prepared that contained only polymer without myoblasts, in addition to a standard
curve prepared with pure ATP in polymer (Appendix E). The polymer-only control was prepared
using the same methods as previously outlined, omitting only the addition of resuspended
myoblasts, and adding growth media to keep volume constant in each well. The cell-only control
was prepared using the same methods as previously outlined, omitting only the addition of
polymer, and adding growth media to keep volume constant in each well. Bioluminescence was
recorded as arbitrary units of relative luminesce units (RLU) proportional to cell viability.
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2.10 Confocal & Widefield Imaging of Constructs
To obtain representative images of live and dead myoblasts in each NIPAM-based copolymer,
confocal microscopy was utilized to image stained myoblasts. This experiment consisted of
polymer cell solution and control preparation, staining, and imaging (Appendix G). To begin, the
polymer solution was prepared by as described above but with 1 x 106 myoblasts in suspension.
Next, 100uL of this polymer-cell solution was added to two wells in an 8 well chamber slide and
incubated at 37°C for 10 minutes to allow the polymer to transition before adding 200uL of
growth media. After the polymer transitioned, the plates were incubated at 37°C for 24, 48, or 72
hours or tested immediately as the 0-hour time point sample. Each chamber was stained for the
presence of viable and dead cells with 100uL of live/dead in PBS (Live/Dead
Viability/Cytotoxicity Kit, Invitrogen L3224) which consists of membrane permeable calcein AM
that fluoresces when metabolized by intracellular esterases in metabolically active cells and
membrane impermeable ethium homodimer that binds to DNA in apoptotic or necrotic cells. The
13:30:55 polymer without myoblasts was stained and imaged on the widefield fluorescence
microscope as a negative control; confocal microscopy was not necessary as the polymer sample
was a thin film and examination of all subsequent copolymer compositions would be redundant
because none of the copolymerized monomers auto fluoresced. Myoblasts plated on borosilicate
glass coverslip were stained and imaged on the confocal microscope as a positive control.
The samples were then imaged on the laser scanning confocal microscope, due to the 3D nature
of the polymer, (OLYMPUS FLUOVIEW F10 v.4.2a) with a 20X objective (UPLSAPO,
NA:0.75, Olympus). Z-stacks spanning the entire depth of the sample were captured using FITC
(495/519nm) & TXRED (586/603nm) filters. Consequent images were taken 1um apart. Data
were saved as individual frames of each color channel from the z stack. Representative images of
live & dead myoblasts in polymer were obtained by processing three-dimensional z stacks of
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images at increasing depths of focus of up to 200𝜇𝑚 and stitched together in ImageJ using the
‘3D Projection’ function.
2.12 Statistical Analysis
Statistical analysis was performed using JMP statistical software. Differences in cell abundance,
elastic modulus, and water retention between treatment groups were determined using one-way
ANOVA and contrasted with Tukey post-hoc comparisons. A p-value of less than 0.05 indicated
statistical significance. Values are presented as mean values with standard error (Mean ± SE).
Linear predictive modeling was performed by Standard Least Squares method, using expanded &
sequential estimates to maximize 𝑅 2 of the prediction expression.
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Chapter 3: Results
The objective of cell vehicle optimization is to ensure maximum number of viable cells to
transplanted. Physical properties of the cell delivery vehicle are hypothesized to impact cellular
behavior. Delivery vehicle mechanical & chemical properties were assessed and compared with
fluctuations in myoblast viability & proliferation to evaluate optimal delivery vehicle properties.
3.1 Characterizing Thermoreversible, Mechanical, & Chemical Properties of NIPAM-based
Copolymers
After verification for the desired monomer ratio via hydrogen nuclear magnetic resonance (1HNMR), each copolymer composition was assessed for thermoreversibility, stiffness, & water
retention, and surface energy was theoretically calculated. Cloud point temperatures for all
HEMA:HEA:HIPAM copolymers were recorded against qualitative records of workability and
syringe extrusion protocols (Table 1). For reference, ambient room temperature is 20°C &
physiological core temperature is 37°C. Heating precipitates the aqueous polymer into a semisolid hydrogel and cooling yields dissolution of precipitated polymer back into media. Cloud
point temperature refers to the decrease in solution transmittance that occurs during forward
transition. Forward transition is of most importance in injectable polymer scaffolds, as the cell
delivery vehicle will only experience an increase of temperature during normal injection
circumstances. The cloud point temperature of each NIPAM-based copolymer was modified by
manipulating the monomer ratio content. Methyl, alcohol, amide, and ester polar functional
groups of each monomer type can lower or raise the cloud point temperature by up to 10°C67. All
cloud point temperatures were measured in phosphate buffered saline (PBS) to account for the
effect of ionic solutes and all polymers were handled with refrigerated instruments to minimize
premature transition into a semi-solid.
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Table 2. Polymer Compositions with Differing Cloud Point Transition Temperatures
Cloud Point Workability Refrigeration after Remains in
HEMA:HEA
Temperature
at Room
Addition of Cell
Single Phase
:NIPAM
(°C)
Temperature
Suspension
Post Extrusion
33:00:66
45:00:55
22.5:22.5:55
15:30:55

~16
~16
~20
~27

Minimal
Minimal
Poor
Acceptable

Recommended
Recommended
Necessary
Not Necessary

Yes
Yes
No
Yes

Control During
Extrusion
Minimal
Minimal
Poor
Acceptable

The 15:30:55 composition had a forward transition cloud point temperature of 27°C, the only
polymer with a transition temperature above room temperature. The 22.5:22.5:55 composition
forward transitions at room temperature of 20°C, while the dipolymers 45:00:55 & 33:00:66 both
forward transition below room temperature at 16°C.
Next, the elastic modulus of each polymer semi-solid hydrogel composition was recorded by
force-indentation AFM and calculated according to the Sneddon model. Each polymer
composition had five replicates of force-indentation measurements, with each replicate yielding
an average bulk stiffness. The 33:00:66 polymer had a stiffness of 211.2 kPa ± 8.0kPa, which
was greater than the 45:00:55 polymer which had a stiffness of 71.5 kPa ± 2.8 kPa, which was
greater than both the 22:22:55 polymer which had a stiffness of 14.8 kPa ± 1.5 kPa and the
15:30:55 polymer which had a stiffness of 5.1 kPa ± 1.2 kPa; the 22.5:22.5:55 composition and
the 15:30:55 composition have stiffnesses not different from each other (Figure 10).
Polydimethylsiloxane (PDMS) synthesized at a 10:1 v/v ratio, elastomer base to curing reagent,
was used as a positive control with a cross link dependent theoretical modulus of approximately 1
MPa68 and an AFM experimentally derived elastic modulus of 0.631 MPa ± 0.293 MPa
(Appendix H).
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Figure 10. Elastic Modulus of Different Polymer Compositions. Stiffness as measured by AFM
via force distance indentation and modeled with the Sneddon approximation. Five replicates were
recorded per polymer composition (n=5). Stiffness graphed as 𝑙𝑜𝑔10 (𝑃𝑎). Difference in stiffness
between 45:00:55 vs. all other compositions (+, p < 0.05). Difference in stiffness between 33:00:66
vs. all other compositions (*, p < 0.05).

Next, theoretical surface energies for each of the NIPAM-based copolymers were calculated from
Equation 2 (Table 2). The tripolymers, 22.5:22.5:55 and 15:30:55, have marginally higher
surface energies than the dipolymers, 33:00:66 and 45:00:55, but all four polymers have very
similar surface energies ranging from 36.3-37.3 Dyne/cm. Surface energy increases marginally as
NIPAM content decreases and HEA content increases.
Table 3. Surface Energy of Each Polymer Composition
HEMA:HEA:NIPAM

Surface E (Dyne/cm)

33:00:66

36.3

45:00:55

36.8

22.5:22.5:55

37.3

15:30:55

37.5
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Next, water retention was measured as the percent of water retained during polymer transition
and hydrogel formation. The 33:00:66 & 45:00:55 compositions had the highest water retentions,
79.33 ± 3.10% & 75.05 ± 9.80% respectively, greater than the 22.5:22.5:55 & 15:30:55
compositions which had the lowest water retentions, 46.33 ± 4.51% & 41.67 ± 2.51%
respectively (Figure 11) (Appendix I).

Figure 11. Water Retention of each Polymer Compositions. Water retention was measured as
the percent of water absorbed by the polymer in the process of transitioning into a hydrogel. All
polymer samples consist of 75mg of raw polymer dissolved overnight in 0.5mL of DPBS at 4°C
(n=3). Difference in water retention vs. tripolymer compositions (*, p < 0.05).

3.2 Assessing NIPAM-based Copolymer Constructs for Myoblast Proliferation & Viability
Myoblasts were viable and proliferated in all polymer compositions, to varying degrees (Figure
12). No autoflorescence of the copolymer was detected in the polymer only negative control
(Appendix J) and myoblasts on the culture surface in the cell-only positive control exhibited the
live stain (Appendix K). As expected, myoblast number increased over time and individual cells
gradually became more angular. The myoblasts in the dipolymers appear less angular than the
myoblasts in the tripolymers.
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Figure 12. Myoblast Densities in Different Polymer Compositions over 72-hours. All chambers
were seeded with approximately 100,000 myoblasts in 50uL of 15% w/v aqueous polymer. Region
of interest (ROI) was selected at the edge of the transitioned polymer hydrogel because the of the
lower thicknesses observed; this aided in securing up to 200µm of working depth from the confocal
microscope. All scale bars are 100µm in length.

To precisely quantify increases in cellular abundance, raw data from the bioluminescence plate
reader assay was recorded in relative luminescence units (RLU). This unitless data is linearly
proportional to cell viability within the limits of detection observed for this experiment. A
standard curve was performed using pure adenosine triphosphate (ATP) to ensure proper linear
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detection of metabolic ATP by the GloMax luminometer at concentrations of 1,5, & 10 µM were
measurable in the 15:30:55, 22.5:22.5:55, and 33:00:66 polymer compositions (Appendix L). All
concentrations of ATP were detectable in the millions of RLU. ATP concentration was linearly
proportional to RLU count.
To quantify myoblast proliferation in each of the polymer compositions, RLU was recorded at 0,
24, 48, & 72 hours. To account for the effect of polymer hydrogel on the recorded luminosity, the
average RLU value for the first time point, 0 hour, is set as the initial seeding density value for a
fold change equal to one. Each following time point average RLU value is compared relative to
this initial time point average RLU value to synthesize a total fold change. Fold change is
indicative of cell proliferation (Figure 13) (Appendix M).

Figure 13. Mean Fold Change over 72-hour Period of Myoblasts in Different Compositions
of NIPAM-based polymers. Metabolic activity, as the presence of ATP, was recorded with the
CellTiter-Glo 3D Viabiliy kit from Progema Biosciences. Proliferation and live myoblast cell count
is equated to amount of ATP present. Five replicates per time point, per polymer composition were
used to maximize statistical power while conserving myoblast resources. Difference in cellular
abundance versus 33:00:66 at 24 hours (*, p < 0.05). Difference in cellular abundance versus
45:00:55 & 22.5:22.5:55 at 24 hours (#, p < 0.05). Difference in cellular abundance of 15:30:55
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versus all other compositions at 48 hours (**, p < 0.05). Difference in cellular abundance of
33:00:66 versus all other compositions at each respective time point (##, p < 0.05). Difference in
cellular abundance of the tripolymers versus the dipolymers at 72 hours (***, p < 0.05).

For the 15:30:55 polymer, cell abundance did not change from 0 to 24 hours, increased from 24
to 48 hours, and did not change from 48 to 72 hours. For the 22.5:22.5:55 polymer, cell
abundance did not change over from 0 to 48 hours and increased from 48 to 72 hours. For the
33:66 polymer, cell abundance did not change from 0 to 24 hours, increased from 24 to 48 hours,
and did not change from 48 to 72 hours. For the 45:00:55 polymer, cell abundance did not change
over from 0 to 48 hours and increased from 48 to 72 hours.
For the 0 hour time point, all polymer compositions are normalized to a cell fold change of one.
For the 24 hour time point, fold change of the 33:00:66 & 15:30:55 compositions, are higher than
the 45:00:55 & 22.5:22.5:55 compositions. For the 48 hour time point, 33:00:66 has the largest
fold change number, followed by 15:30:55, followed by the 22.5:22.5:55 & 45:00:55 polymers,
which were not different. For the 72 hour time point, the 33:00:66 polymer has the largest fold
change, followed by the 15:30:55 & 22.5:22.5:55 polymers which do not have different fold
change numbers, followed lastly by 45:00:55.
3.3 Establishing Relationships between Polymer Mechanical & Chemical Properties and
Resulting Myoblast Behavior in Cell Delivery Vehicles
After characterizing the physical properties of polymers and establishing how myoblasts
proliferate in the polymer vehicles, it is critical to establish which physical properties have the
greatest impact on myoblast proliferation. Establishing relationships between polymer physical
properties and myoblast proliferation allow for future manipulation and optimization of the cell
delivery vehicle to better implant myoblasts. First, it was hypothesized that modifying the
polymer vehicle stiffness would affect myoblast proliferation depending on the stiffness relative
to in vivo conditions20. Maximum proliferation was achieved with a high stiffness of 211 kPa.
Moderate proliferation was achieved in both physiologic stiffnesses between approximately 5 kPa
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and 15 kPa. Minimal proliferation was achieved at an intermediate stiffness of 72 kPa. Solely
comparing day-4 fold change and stiffness of the polymer constructs, a trend of increasing
proliferation is observed with increasing stiffness (Figure 14).
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Figure 14. Day-4 Fold Change in Response to Polymer Stiffness. Fold change as measured by
CellTiter-Glo 3D viability assay and elastic modulus as measured by AFM force indentation.
Stiffness scaled as 𝑙𝑜𝑔10 (𝑘𝑃𝑎).
It was also hypothesized that polymers with high water retentions would facilitate myoblast
integration and proliferation. The lowest water retentions yielded intermediate fold change, the
intermediate water retention yielded the lowest fold change, and highest water retention yielded
the highest fold change (Figure 15). Solely comparing day-4 fold change and water retention of
the polymer constructs, a trend of increasing proliferation is observed with increasing water
retention.
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Figure 15. Day-4 Fold Change in Response to Polymer Water Retention. Fold change as
measured by CellTiter-Glo 3D viability assay and water retention measured as volume of DPBS
uptake during gelation.

The next step was to obtain a prediction expression model via the standard least squares method
that accounts for stiffness, water retention, and surface energy (Appendix N). It is unlikely that
one factor is alone responsible for different rates of myoblast proliferation, so a model that
simultaneously encompasses all possible factors extracts what variables are likely of most
importance. Acquired by minimizing residual error of the linear predictive model by Standard
Least Squares method, the prediction expression was synthesized as Equation 5, outlining the
proliferative potential of future polymer compositions dependent on physical properties (Figure
16). This predictive equation explained a majority of variation in cellular abundance. When
accounting for stiffness and water retention, surface energy did not impact the day-4 fold change
in myoblasts so it was removed from the final prediction model. Increased stiffness and decreased
water retention both have a positive impact on day-4 fold change in myoblasts, which is described
by the positive slope estimate for stiffness and negative slope estimate for water retention (Table
4). Positive parameter estimates denote direct proportionality between variables, while negative
parameter estimates denote inverse proportionality. Conceptually, the statistical model reconciles
the fact that 33:00:66, with the highest cellular abundance, and 45:00:55, with the lowest cellular
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abundance, both have similarly high water retentions but different stiffnesses. Relative to water
retention, stiffness explains approximately twice as much variation in myoblast proliferation
when considering the two variables simultaneously (Appendix N). Root mean square error
(RMSE) for the model including surface energy was 1.5282, while RMSE for the model
excluding surface energy was only 1.4836. Decreasing the RMSE of a model will decrease the
error of the predicted value, increasing the likelihood of the model predicting the actual value.
This further validates the decision to omit consideration of hydrogel surface energy both from the
model and for future consideration. Figure 16 plots predicted values of fold change versus actual
values to discern the empirical accuracy of the general linear model. A slope of exactly 1 denotes
a perfect model fit, where the prediction expression output matches real values. Equation 5 has a
slope of 1.001, so the linear model fit has significant overlap with the guideline which further
suggests that the prediction expression has relevance.

Figure 16. Fitting Predicted Cellular Abundance against Actual Cellular Abundance.
Utilizing the standard least squares linearization method in JMP, a linear predictive model was
calculated by assessing effects of stiffness & water retention on cellular abundance (R2 = 0.91, p <
.0001). The red line denotes the linear prediction expression, the black line is a guideline with a
slope of exactly one, and the blue line represents the mean value of the entire data set.
Day-4 Fold Change = 17.145 + 0.0915*Stiffness(kPa) – 0.2854*Water Retention(%)

Eq. 5
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Table 4. Predictive Expression Variables and Estimates
Term
Intercept
Stiffness (kPa)
Water Retention (%)

Estimate
17.144629
0.0915186
-0.285404

Std Error
1.842175
0.007653
0.0376

t Ratio
9.31
11.96
-7.59

Prob>|t|
<.0001*
<.0001*
<.0001*
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Chapter 4: Discussion
To combat PAOD, a life-threatening disease that necessitates revascularization to restore
perfusion to the extremities, surgical interventions have been clinically implemented with limited
long-term success. Cellular therapies show promise as an alternative revascularization therapy but
rely on proper cell delivery to the ischemic region. Thermoresponsive polymer hydrogels provide
a potential scaffold to both deliver and secure adherent type cells, like myoblasts native to
ischemic tissue. The mechanical and physical properties of the hydrogel should be tunable and
allow for control over cellular behavior. It was hypothesized that increased stiffness, surface
energy, and water retention would increase proliferation of myoblasts in polymer construct.
After proper extrusion of the thermoresponsive copolymer is ensured, cell proliferation and
viability are the primary in vitro measures of basic biocompatibility, thus characterization of the
N-isopropylacrylamide (NIPAM)-based thermoresponsive polymer as an appropriate vessel for
cell delivery relies on establishing an impact on cell viability. Increased substrate stiffness, water
retention, and surface energy were expected to increase myoblast proliferation in the delivery
vehicle. The fold change at day-4 collected after 72 hours of incubation was the metric utilized to
measure myoblast biocompatibility, representative as the ability to sustain and promote myoblast
proliferation, integration, and viability within the construct vehicle.
4.1 Review of the NIPAM-based Copolymers Structure
NIPAM-based copolymer mechanical and physical properties are determined primarily by the
structure and composition of its monomeric units, composed of carbon chains with functional
groups that vary in polarity (Scheme 4). Hydroxyethyl methacrylate (HEMA) monomers consist
of esters (R–COO–R′), hydroxyl (-OH), and methyl (-CH3) functional groups. Hydroxyethyl
acrylate (HEA) monomers consist of esters and alcohols. NIPAM monomers consists of amides
(RC(=O)NR′R″) that make up sterically large side groups. All three monomers are aliphatic,
having carbon backbones, which are unable to be metabolized by hydrolysis or enzymatic driven
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chain scission, unlike the functional groups that consist of ethers, amides, and alcohols. This
implies that the polymers can be reduced to linear simple carbon chains, but not fully biodegraded
in vivo55.
Scheme 4. Monomer Models of NIPAM, HEMA, & HEA

4.2 Cloud Point Temperature Optimization
Based on initial usability studies from unpublished observations, a high cloud point temperature
allows for longer usability during in vivo injections where the polymer must remain at room
temperature for a short time during preparation and injection. All the polymers were stored at
4°C prior to use and not at room temperature as to mimic the ideal case for workability and
maintain consistent treatment between polymer compositions. Careful handling of all polymers
was implemented to mimic the best-case usage scenario because even the body heat from the
operator’s hands was sufficient to initiate phase change.
The trend observed was that increasing cloud point temperature increased the workability of the
NIPAM-based copolymers. This is except for the 22.5:22.5:55 (HEMA:HEA:NIPAM)
composition, which was uniquely difficult to handle for the cell vehicle extrusion process likely
due to a failure in sample preparation from insufficient grinding of polymer material. The raw
22.5:22.5:55 polymer had coarser ground powder relative to the other compositions (Appendix
O), which impeded proper dissolution during sample preparation and consequently resulted in
poor injectability as a delivery vehicle despite frequent refrigeration to extend workability. This is
a failure to implement consistent preparation in handling of the copolymers before dissolution in
growth media and is not indicative of the true performance of 22.5:22.5:55; if prepared properly it
can be hypothesized that this composition behaves proportionally to its relatively intermediate
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cloud point temperature. The 33:00:66 & 45:00:55 compositions behaved similarly during
handling and injection with frequent refrigeration to prevent premature transition, while the
15:30:55 composition had superior workability and injectability with minimal refrigeration. An
elevated cloud point temperature entailed that the copolymers required more thermal energy to
transition and thus were resistant to prematurely transition from excessive handling and ambient
warming.
4.3 Elastic Modulus
The methyl side group of HEMA possibly made it marginally stiffer than HEA because the
methyl of HEMA increased steric hindrance of chain movement, which decreases chain mobility,
raises the glass transition temperature and increases elastic modulus in hydrogels69. This trend
was observed in the three NIPAM-based copolymers of equal NIPAM content, where the
45:00:55 composition was stiffest, followed by the 22.5:22.5:55 composition, and finally by the
15:30:55 composition. These three NIPAM-based copolymers have identical alcohol, amide, and
ester group densities where the only difference is the magnitude of methyl groups present. The
33:00:66 composition had the highest elastic modulus, speculated as a result of the highest
NIPAM content. Increased presence of nitrogen bearing amide functional groups, higher in
polarity relative to alcohols and esters, could have resulted in stronger hydrogen bonding between
polymer chains that increased stiffness & rigidity, relative to the other NIPAM-based
copolymers69. Both high levels of polar functional groups and methyl groups increased stiffness,
which can be further tested by increasing amide bearing NIPAM content in a 25:00:75 copolymer
or increasing methyl bearing HEMA content in a 50:00:50 copolymer.
4.4 Water Retention
The dipolymer compositions exhibited high water retentions approaching 80%, while the
tripolymer compositions exhibited low water retentions of barely exceeding 40%. Related to
surface energy, a polymer’s hydrophilicity is dependent on the chemical composition of
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externally facing functional groups. Polar functional groups like amides, esters, and alcohols
attract water via hydrogen bonding to different degrees; when these functional groups are present,
hydrophilicity is increased23,47. Hydrophilicity is known to promote cell adhesion and viability23–
25,47

. While surface energy is an inherent material property, water retention is a macroscopic

measure of hydrophilicity of a substrate, and is indicative of porosity and permeability56,57.
Increased water retention relies on increased polar functional group content and hydrophilicity70.
Amides are the most polar, followed by alcohols, and then esters71. The 33:00:66 composition
likely had the highest water retention because of its increased amide content relative to the other
copolymers. Contrarily, non-polar methyl groups are hydrophobic and were expected to decrease
water retention69. However, when accounting for polar functional group content water retention
was highest in the dipolymers with increased methyl content and lowest in the tripolymers with
decreased methyl content. Greater methyl content increases the steric hinderance of functional
groups and prevents tight packing density of polymer chains69 which could explain the increased
water retention due to spatial restrictions and decreased chain movement. Further decreasing
methyl content, in a 00:45:55 composition for example, could decrease water retention relative to
the tripolymers.
Despite having different effects on cellular proliferation in the predictive model, water retention
and stiffness observed similar trends between copolymers (Figures 14 & 15). Since both material
properties heavily depend on polar functional group and methyl content, it could be hypothesized
that there are interactions between water retention and stiffness. Increasing the stiffness of
crosslinked collagen hydrogels increased their water retention72 so a similar effect may be present
in NIPAM-based hydrogels. Conversely, increasing the water retention could increase the
stiffness of the hydrogel similar to how a well-watered plant stiffens
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4.5 Surface Energy
Surface energy is the quantification of intermolecular forces at the interface between two media73.
Theoretically calculated by taking the weight average of copolymer constituents, the surface
energies of the NIPAM-based copolymers were negligibly different only ranging from 36.3-37.3
Dyne/cm. The lack of discrepancies between copolymer composition surface energy can be
attributed to similar size and polarity of monomer constituents; slight variations in polar
functional groups did not translate to discernable variations in surface energy. Empirical testing
would likely result in a similar conclusion of non-difference between compositions therefore it is
more prudent to incorporate alternative measures to characterize material surfaces.
4.6 Polymer Properties Effect on Myoblast Proliferation
Accounting for all polymer properties simultaneously using the least squares method, increased
stiffness and decreased water retention promoted myoblast proliferation, while surface energy had
no effect. This is counterintuitive to first conclusions made solely looking at trends following
stiffness or water retention alone, which highlights the importance of using statistics to accurately
discern what physical properties are of importance to optimize for cell delivery. While the
statistical model is not concrete, it has potential to clarify the effect of tested material properties
on cellular behavior.
When accounting for surface energy & water retention, increased elastic modulus increased the
day-4 fold change of the myoblasts. Specifically, maximum proliferation occurred with a high
stiffness of approximately 210 kPa. Maximum proliferation was observed in the 33:00:66
polymer with the maximum stiffness, which validates the initial hypothesis that increased
stiffness of a cell culture substrate would accelerate cell proliferation45,49. Moderate proliferation
occurred in both physiologic stiffnesses between approximately 5 kPa and 15 kPa. A nonlinear
analysis would be required to discern the maximum stiffness at which this relationship would no
longer be accurate.
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Accounting for stiffness and surface energy, increased water retention decreased the day-4 fold
change of the myoblasts. Adherent MSC’s require lower hydrogel porosities for better
encapsulation to minimize cell migration and encourage proliferation74, so myogenic and
adherent myoblasts may require similar conditions for encapsulation. A water retention of 40 –
45% observed in the tripolymers was sufficient to encapsulate myoblasts and would allow for
ample perfusion of nutrients, like previously tested NIPAM-based copolymer vehicles used to
encapsulate MSC’s where a water retention of 45 % was optimal for proliferation41. Increased
water retention in excess of 80%, observed in the dipolymers, was not inherently useful in
promoting myoblast adhesion and proliferation, when accounting for stiffness using the least
squares method. Despite the 33:00:66 composition having the highest water retention and highest
stiffness, its superior induction of proliferation can only be attributed to increased stiffness and
not its increased water retention. When assessing all four polymers and their physical properties
simultaneously, the linear model shows that stiffness impacted myoblast proliferation more than
water retention, despite the two having opposite effects on cell behavior. Excessive water
retention decreased myoblast adhesion but stiffened the structure of the hydrogel empirically,
while an intermediate water retention appears optimal for myoblast encapsulation & proliferation
when accounting for stiffness.
Surface energy directly impacts a cell’s ability to adhere & conform to a substrate surface, and
cell spreading & adhesion affect cell viability21,23,44,47. However, when accounting for stiffness
and water retention, surface energy had no effect on the day-4 fold change of the myoblasts.
Since the lowest energy state is favorable, cell adhesion proteins will bind to the substrate to
satisfy these bonds. Higher surface energies promote cell spreading and adhesion, while lower
surface energies may denature adhesion proteins53. Cell spreading and adhesion are linked to
increased cell viability47. The ideal range of surface energies for cell adhesion that balances both
the effects of high and low surface energy is 5 – 32 Dyne/cm, with peak adhesion occurring at 20
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Dyne/cm. However, the surface energies of the four tested polymer compositions only ranged
from 36.3 – 37.5 Dyne/cm, the upper limit of beneficial surface energies for cellular adhesion.
This suggests a lack of sufficient difference between surface energies to empirically detect with
current technology, nor would this range of surface energy yield a discernable effect on day-4
fold change. Furthermore, validation of the theoretical copolymer surface energies was attempted
by contact-angle measurement75, however, obtaining reliable data from a sufficient array of nonpolar liquids is non-trivial and repeatable data was not produced (Appendix D).
4.7 Polymer Property Effects on Cell Spreading
The stiffest hydrogels were expected to induce the most cell spreading, but low water retention
predicted cell spreading to a greater extent. Increased cell spreading was apparent in the
tripolymer compositions, 15:30:55 & 22.5:22.5:55, which exhibited slightly higher theoretical
surface energies, while minimal cell spreading was apparent in dipolymer compositions, 33:00:66
& 45:00:55, which exhibited slightly lower theoretical surface energies. The addition of HEA in
the tripolymers appears to induce cell spreading, relative to the dipolymers, decreasing steric
hindrance caused by the absence of methyl side groups and increasing the hydrophilicity of the
copolymer69, which increases wetting and may support cell spreading of the myoblasts within the
polymer construct. It was expected that an increased water retention, and subsequently a higher
surface area to volume ratio, represented a higher density of attachment sites for cells to adhere.
However, location sites for cellular attachment were in excess, and better encapsulation of the
myoblasts was favored for promoting proliferation rather than a higher surface area to volume
ratio so surface energy had no effect on adhesion or proliferation.
The hypothesis that increased stiffness would also increase myoblast spreading was not
supported, as the stiffer dipolymer compositions exhibited lower levels of cell spreading and the
more compliant tripolymer compositions exhibited higher levels of myoblast spreading. Myoblast
spreading was not in response to increased stiffness, but trend rather in response to decreased
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stiffness & water retention. The dipolymers with more spherical myoblasts had higher stiffnesses
& higher water retentions, while the tripolymers with more angular myoblasts had lower
stiffnesses & lower water retentions. Because the surface energies are marginally different
between the dipolymers and tripolymers, it can be speculated that a lower porosity hydrogel with
a higher stiffness allows for the best mechanical integrity construct while also inducing cell
proliferation by minimizing myoblast migration and maximizing cell encapsulation.
4.8 Polymer Property Effects on Phenotype
The 15:30:55 polymer showed signs of myoblast volume enlargement, heightened angularity, and
cell spreading as early as 48 hours, and the 22.5:22.5:55 polymer exhibited similar behavior
closer to 72 hours. Both the 33:00:66 and 45:00:55 polymers showed myoblast volume
enlargement, without presence of heightened angularity or cell spreading relative to the other
compositions. Cell spreading is a metric that precedes cell differentiation and can provide insight
on cell behavior45,49,76. Individual myoblasts tended to increase in angularity and spreading
relative to myoblasts that were deposited in or formed colonies (Figure 4). Qualitatively,
myoblasts both nucleated new and expanded existing colonies in all copolymer hydrogels.
Encapsulated cells can enzymatically or hydrolytically degrade the surrounding hydrogel and
secrete their own ECM, allowing them to shape their microenvironment and form filipodia
outward into the scaffold47. Initiating at 48 hours post-injection, these filipodia appeared to form a
network, connecting the cells by spindly fibers (Figure 4). At 72 hours post-extrusion, it was
difficult to discern individual myoblasts, as the cells merge into three-dimensional clusters
(Figure 4).
Myoblasts proliferated at a high rate at the interface between the polymer hydrogel and the
borosilicate glass slide that the cell-polymer suspension was extruded upon for culture and
confocal microscopy (Appendix K). The myoblasts that situated themselves between the polymer
and the glass plate had the highest degree of angularity and spreading, relative to the myoblasts
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embedded in the polymer. This is to be expected since the borosilicate glass is a ceramic with a
much higher stiffness and surface energy relative to the polymer hydrogel, which would induce
increased cellular adhesion & spreading 77,78. Since there was not a noticeable population of
myoblasts adhered to the glass plate at the initial time point, the myoblasts may have proliferated
at a higher rate when adhered to the glass or myoblasts in the bulk hydrogel migrated to the glass.
Limitations
All in-vitro polymer handling and testing was performed with a specialized protocol to
accommodate the varying degree of thermoreversibility of the NIPAM-based copolymers. The
goal of the thermoreversible NIPAM-based copolymer myoblast delivery vehicle is to be robustly
workable at room temperature, so the necessity of repeated refrigeration protocols and careful
handling of the polymer is a temporary solution for a handling issue in need of an improved longterm solution. While the experimental assay methodology required to make 20 serial extrusions of
the polymer hydrogel with the same syringe, future in-vivo animal study & clinical injections
would likely utilize individual syringes for each injection site so it should be acknowledged that
the current experimental protocol demands greater workability than is clinically required.
Myoblast longevity in the viability assay was also of concern; if FBS was not thawed on the day
of use to make the myoblast growth media for dissolving the polymer or feeding the myoblasts
after extrusion, data collected on cellular abundance was inconsistent and necessitated
recollection with fresh growth media for best results. This viability assay used to characterize
myoblast proliferation relied on a linear relationship between ATP driven metabolic activity and
cellular abundance. It was assumed that the myoblasts did not experience fluctuations in
metabolic activity from the point of injection through the 72 hours of culture that ATP content
was recorded. Maturation of the myoblasts may alter the rate of ATP production intracellularly
and could bias the cellular abundance recorded, however, all copolymer compositions were
microscopically confirmed to induce varying degrees of myoblast proliferation over the measured
72 hours of culture. Regardless of the reliability of the relationship between ATP mediated
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metabolic activity and proliferation, myoblast proliferation was observed microscopically in all
copolymer compositions.
Additionally, for the stiffness assessment of soft polymers and gels it is best practice to use more
blunt tips to increase resolution for AFM force-distance indentation. This can be achieved
through the adhesion of silica beads on the order of 100 - 200nm in diameter, directly onto the
microcantilever. A blunt tip of this fashion can utilize the Hertz model, like the Sneddon model
used, to calculate elastic modulus. The Sneddon and Hertz models have calculated the same
stiffness in gelatin and are both viable methodologies to calculate substrate stiffness from force
indentation49, but the Hertz model is better suited for the exceedingly compliant NIPAM-based
copolymers. Furthermore, time dependent viscoelastic properties of the polymer were not a
consideration in the Sneddon model. Despite using high rates of force indentation, less than a
second each, that prohibit time dependent chain alignment and only considering the approach
curve, not the retraction curve, there is a possibility that the stiffness measured is marginally
lower because the polymer deformation does not return elastically before the next indentation
initiates. One method to circumvent this issue was to indent different locations on the substrate
for each replicate to prevent residual effects of previous indentations. Furthermore, instead of
averaging the AFM force-distance curves to calculate a single stiffness value, a nonlinear fit can
be applied. This can be achieved in MATLAB using a polynomial fit function or nonlinear
regression to calculate an asymptote at which the stiffness approaches an individual value which
allows for a more representative value for bulk stiffness.
Discrepancies in stiffness could also be explained by the theoretically calculated Poisson ratio, an
inherent measure of material volume conservation mechanics used in the Sneddon model, not
accurately reflecting the empirical Poisson ratio of the hydrogels. For example, the theoretical
monomer weighted- average copolymer Poisson ratio of 0.31 may empirically be as high as 0.5,
as is the case with polydimethylsiloxane (PDMS), which would result in calculated stiffnesses
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being 17% underestimated. However, without prior knowledge of the stiffness of a hydrogel
substrate it is impossible to calculate the Poisson ratio; either the stiffness or the Poisson ratio
must be known to back-calculate the other value. In this juxtaposition of hydrogel properties, it
beneficial to hold the Poisson ratio at a constant 0.31 to calculate the relative stiffnesses of the
NIPAM-based copolymers for ease of comparison.
Modification of the water retention experiment protocol, incorporating more consistent heating of
the polymer in a temperature-controlled oven and verification of mass conservation, yielded
different results from the initial experiment. The temperature-controlled oven allows for more
uniform heating and transitioning of the hydrogels, while checking mass conservation through the
transition process accounts for any soluble polymer aspirated along with the supernatant.
Polymer compositions 22.5:22.5:55 and 45:XX:55 had water retentions of approximately 78%
and 75% respectively, where the 22.5:22.5:55 compositions deviated significantly between
methods used. Further protocol development is necessary to obtain repeatable and more
meaningful results. Additionally, it should be noted that while water retention is hypothesized to
be indicative of bulk porosity, a homogenous microstructure has not been verified. To make
concrete assertions on the effect of water retention on porosity, imaging via SEM or similar
techniques is necessary to confirm consistent microstructure in the hydrogels.
Another limitation of the current lab resources was that all in-vitro myoblast culture was done in
optimal mammalian culture conditions, but in-vivo conditions would closer resemble hypoxia.
The lack of oxygen would impede the proliferation of myoblasts, therefore, the ideal cell culture
conditions used are not perfectly indicative of how the myoblasts would behave post-injection in
a hypoxic environment.
When applying any statistical model to represent biological functions, there are inherent
inaccuracies that arise from operating on assumptions that limit the scope and complexity of the
model. The standard least squares predictive model assumes linear relationships between each
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polymer property and cellular abundance, preventing the model from detecting any minimum or
maximum values. While no transformations of the data increased the magnitude of variation
explained, it was only assumed that linear relationships would be of best fit to explain the
relationship.
Future Works
The next step is to synthesize a novel NIPAM-based polymer that improves on the previous
compositions. Implant durability of myoblast bearing hydrogel has not been determined, so it
must first be verified that myoblasts will survive in sufficient density in vivo before assessing
their effect on arteriogenesis in the tissue. To further increase proliferation of the myoblasts in the
construct and maximize chance as a successful therapy, a copolymer with increased stiffness,
intermediate water retention, and a surface energy of approximately 37 Dynes/cm can be
hypothesized to optimize NIPAM-based copolymers for myoblast delivery. For translation to
NIPAM-copolymer synthesis optimization, increased stiffness can be achieved by increasing the
content of NIPAM, low water retention can be achieved by increased HEMA content, and surface
energy is negligibly affected by manipulating monomer content. Myoblast proliferation can be
maximized by increasing stiffness while maintaining low water retention. However, a higher
relative content of NIPAM responsible for increased stiffness also is responsible for increased
water retention. Despite having opposing effects on myoblast proliferation, the benefit of
increased stiffness outweighs the detriment of excessive water retention when accounting for both
variables simultaneously. Therefore, the most critical change to the copolymer composition is to
increase its stiffness by increasing relative NIPAM content. Since the 33:00:66 composition had
the highest stiffness, it could be hypothesized that a 25:00:75 composition would increase
stiffness but remain injectable.
Conversely, to optimize for workability a copolymer with low stiffness and intermediate water
retention is optimal. Increasing the relative content of HEA in the copolymer will lower stiffness,
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maintain an intermediate water retention, and increase the cloud point temperature, when holding
NIPAM content constant. Since the 15:30:55 composition had the highest workability of
copolymers tested, it can be hypothesized that a 00:45:55 composition copolymer would be
increasingly workable.
Restructuring the statistical model data sets is another potential improvement that could better
characterize the relationship between material properties and cellular behavior. This can be
achieved by first reassessing the initial trends of individual variables on cellular abundance. Both
stiffness and water retention trends portray an abrupt decrease in cellular abundance, of which the
45:00:55 composition is responsible, before a final abrupt increase in cellular abundance, of
which the 33:00:66 composition is responsible (Figures 14 & 15). Departing from the hypothesis
that all copolymer compositions could be incorporated into the same predictive model, it is also
possible that the copolymer compositions need to be grouped into subsets with more similar
material properties. Juxtaposing the 45:00:55 & 33:00:66 compositions, which have similar
material properties but significantly different effects on cellular behavior, it appears that
manipulating levels of NIPAM content affects cellular behavior greater than manipulating HEMA
or HEA content. In further iterations of copolymer characterization, it may be necessary to
compute separate models for each ratio of NIPAM content. For example, separating 15:30:55,
22.5:22.5:55, & 45:00:55 compositions for one model and separating 13:20:66, 20:13:66, &
33:00:66 compositions for a different model. This allows for a comparison of copolymer
compositions more closely related with the result of obtaining multiple models to use in
conjunction for copolymer optimization.
It is also critical to expand the current predictive model for biocompatibility to encompass
additional NIPAM-based polymer hydrogels with stiffnesses, water retentions, and surface
energies differing from those already tested. This would increase the accuracy of the predictive
model, making it a more robust tool to design future polymer hydrogels for cell delivery. Further

53
pursuing the characterization of hydrogel surface energy in particular would not be beneficial, as
the NIPAM-based polymers only varied approximately 1 Dyne/cm in theory and would not be
empirically different if tested. It is more prudent to incorporate alternative material properties that
are quantifiable, like perfusion and surface roughness, which have direct impact on cellular
adhesion and could explain even more variation in hydrogel induced cellular proliferation. These
hydrogel properties can be measured via dye diffusion and AFM respectively.
Additionally, it is prudent to characterize the phenotype of the myoblasts in NIPAM-based
hydrogel culture, to further discern if cell spreading witnessed in the tripolymers resulted in
maturation of the myoblasts into myocytes (Appendix P). Data collected has established the
increase in volume of myoblasts present over a 72-hour period, however, aside from morphology
the differentiation of myoblasts in 3D culture remains untested. The stiffness of a substrate will
affect a myoblast’s speed of differentiation, but only in a two-dimensional mode49.
Immunostaining of the myoblasts for myogenic markers, such as Pax7 and MyoD positive, will
allow for the comparison in phenotype between two- and three-dimensional scaffolds, in response
to stiffness.
Conclusion
Cell based therapies have clear advantages over gene and protein-based therapies because of their
ability to self-regulate release of paracrine factors and the promise of temporary integration into
tissue. For translation of cell mediated therapy to combat PAOD, a disease state where ischemia
and cell necrosis are symptoms in need of treatment, cell transplantation necessitates an effective
vehicle to insert and secure cells in place while they release critical paracrine factors to induce
physiological effects. Myoblasts are a promising cell type to promote arteriogenesis of collaterals
in ischemic tissue to combat PAOD, and NIPAM-based copolymers are an ideal thermoreversible
cell delivery vehicle to maintain viability during intramuscular injection. The clinical workability
and the myoblast scaffold compatibility of NIPAM-based copolymers appear to be inversely
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proportional, where optimization of one impaired the other. Progression of protocols in handling
polymer hydrogels allowed for the extension of working times in-vitro, but the monomer ratio
manipulation that iteratively raised copolymer cloud point temperature also decreased myoblast
proliferation. The 33:00:66 polymer composition had the superior proliferation profile which can
be attributed to its high stiffness, sufficiently high surface energy, high water retention, but
inadequate workability at room temperature from its low cloud point temperature. On the
contrary, the 15:30:55 polymer composition had an intermediate proliferation profile which can
be attributed to its low stiffness, sufficiently high surface energy, & low water retention, but
superior workability at room temperature from its high cloud point temperature. When
controlling for all variables simultaneously using the least squares method, increasing stiffness
and decreasing water retention appear to induce proliferation, but increasing stiffness had a
greater impact on proliferation magnitude than decreasing water retention. Manipulation of
monomeric ratios in NIPAM-based polymers proved to successfully modulate the promotion of
myoblast proliferation in-vitro. The established statistical model shows promise for further
expansion by incorporation of subsequent copolymer compositions to optimize for future
thermoreversible myoblast delivery vehicles.
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Appendices
Appendix A. Cloud Point Collection on Spectrophotometer Protocol
Preparation of Samples. Polymer (15 mg) was added to a small vial followed by DI-H2O (20 mL)
and then the vial was agitated and allowed to stand for at least 24h to ensure all samples were
homogenously dissolved.
Cloud Point Determination (Tcp). UV-Vis analysis was performed on a Cary 100 UV-VIS (Agilent,
USA), which operated a block temperature monitor. Data was collected at a wavelength of 260 nm
and a minimum temperature range from 15-50 °C. Variation in polymer concentration was also
explored at 0.5 to 1 mg/mL. No changes were observed, as such, we focused on 0.75 mg/mL. All
samples were run twice at 3 °C sec-1 to ensure they were fully dissolved prior to data collection,
which was run at 0.06 °C sec-1. Absorbance was converted to transmittance to aid in reproducibility
and ease of analysis.
The resulting transmittance values were plotted against temperature to calculate the cloud point of
the solution. A normalization logistics curve, is used to model the phase separation of the polymers
due to its high quality of fit (>0.98 R2). Many possibilities exist for calculating cloud point (Tcp)
from a logistic curve. In this study, the Tcp is defined as the value at 90% transmittance on the
logistic curve. The “k” parameter indicates the steepness of the curve, while the “Tcp” is the curve’s
inflection point. To calculate the cloud point temperature, the transmittance vs. temperature
experimental data were fitted to the normalization logistics curve in MATLAB using a nonlinear
regression model. From the model, the parameters “k” and “Tcp”, at the inflection point, were
recovered.
Turn on the spectrophotometer, chiller, and the air line (make sure this is connected). Open
Thermal Application on the computer (username: student, no password). Wait until the top left
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corner says Thermal – Online, may take a couple of minutes*. While waiting for the computer,
prepare the sample.
Once the device is online, click Setup. Adjust the Start ˚C and Return to ˚C numbers to the
sample’s specific parameters. If running more than one forwards and backwards collection, click
Advanced Collect, and change Number of Stages to the number of runs needed. On each stage
that appears below, change Data Interval to 0.06, Rate to 1.00, and adjust End (˚C) to fit the
parameters specified on Start ˚C and Return to ˚C. Depending on the sample, adjust Hold (min) to
1.00 so that after each run, the sample is held at the end temperature for 1 minute. At the top row
of tabs, click Options. On this page, select UV-Vis. Unless you’re planning to sit and wait for
your sample to finish, ensure Auto Lamps Off is selected as well. At the top row of tabs select
Accessories, and select/deselect until only the cells you are planning to use are selected. At the
top row of tabs select Analyze, if you are planning to calculate the LCST from these runs, select
Derivative, then choose Autocalculate. Lastly, at the top row of tabs select Auto Store then select
Storage Off. Once these steps have been completed, select OK. The temperature will start to shift
according to the values that were inputted. Click Start to begin the run (it may be necessary to
wait until the device reaches the starting temperature). After a few seconds, a new page will pop
up, prompting the input of names for each of the cells in use. Once these names have been
entered, select OK. The spectrophotometer is now capable of being left alone to run each of the
samples.

Setup:
Wavelength (nm): 260.0
SBW (nm): 1.0

Y Min: 0.00

Ave Time(s): 2.000

Y Max: 10.00
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Collect Temperatures:
Start ˚C: 15.0

Temperature Monitor: Block

Return to ˚C: 55 .0

Appendix B. Instron Tensile Testing for Elastic Modulus
Polymer elasticity was measured via traditional polymer testing of rectangular samples with
square cross sections. Similar methods were followed to replicate a test for elastic modulus on an
Instron machine. Samples were cast in petri dishes by dissolving up to 10g of dry polymer into
10mL of HAMS media overnight before being placed on a hot plate set to 40C. After 20 minutes
the constructs had fully transitioned into semi-solid hydrogels and were cut to lengths of roughly
25mm, the diameter of the petri dish. After measuring the cross section and length of each
individual sample, the constructs were loaded one at a time into the Instron while the other
samples remained on the hot plate. Before beginning the axial tensile test, the dimensions were
recorded in the software program to allow for real time calculation of elastic modulus. The grips
of the Instron tensile tester proved to be destructive to a simple rectangular sample, concentrating
stress at the interface where the texture steel grips were tightened on either side of the soft
polymer construct which prematurely tore at the grip boundary. Casting similar thickness
polymer constructs into wishbone geometries yielded equally unrepeatable data. In either case,
the polymer did not deform in a uniform fashion. Data from this method was inconsistent and
therefore discarded.
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Representative images of attempted bone-shaped tensile test sample of
15:30:55.

Appendix C. Conical Cantilever Tip used for Force Indentation Data Extraction of Polymers

Manufacturer specifications of microcantilever tip.
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Appendix D. Surface Energy Calculations from Liquid Droplet Contact Angle Measurements
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Ziesmann Plot of 20% W/V 15:30:55, HEMA:HEA:NIPAM.

Surface energy of 20% W/V 15:30:55 (HEMA:HEA:NIPAM) was calculated by extrapolation of
regression line formed by plotting surface energies of various liquids. Methyl salicylate, 50%
Ethanol in DI water, and DI water were the liquids used to produce these data. Diethylene glycol
was excluded because it exhibited significant variation between replicates. DMEM was also
excluded from the regression because there is no known value for liquid surface energy. Using
young’s equation for contact angle of a liquid droplet formed on a flat surface, SL = SV –
LV*cos(theta), surface energy of a given material can be calculated as the liquid surface energy
of an arbitrary liquid that completely wets the material surface. Theta was recorded as contact
angle of the liquid droplet in radians. This methodology does not account for surface roughness,
as it assumes a perfectly flat substrate. Aqueous contact angle was recorded as 62.4 degrees and
surface energy of the substrate was recorded as 23.7 dynes/cm. These calculations are well within
the realm of probability; however, this method of testing was abandoned due to variability
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between hydrated samples and the inability to measure surface roughness on dehydrated samples.
Often, the liquid droplet placed on the surface of the substrate would quickly wet the surface or
become miscible in the thin fluid film coating the hydrogel.
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Appendix E. Myofiber Isolation & Expansion Protocols
Myofiber Isolation
Date: ___
Purpose
To excise whole mouse Extensor Digitorum Longus (EDL) muscles, isolate individual live myofibers from whole muscles,
and plate live myofibers in culture conditions to facilitate the primary culture of myoblasts.
Necessary Material
•
•
•
•
•
•
•
•
•
•
•
•

Wash media (10% FBS in Base Media)
Base media (1% Pen-Strep in HAMs F10)
Growth media (20% FBS in Base Media)
SB 203580 working solution (5 mM)
bFGF working solution (1μg/mL)
Collagenase II solution (2mg/mL)
Horse Serum (HS)
ECM coating solution (1:100)
18 MΩ Water
T 12.5 flask (cell culture treated)
10 cm TC dishes (x5)
15 mL conical tubes

•
•
•
•
•
•
•
•
•
•
•
•

Sterile Filter System
Sterile PBS (1x)
P1000 micropipette aid and tips
P20 micropipette aid and tips
Standard pattern forceps
Curved iris scissors
5/45 Forceps (x2)
Beveled long bore glass pipettes
Cotton swabs
2x2, 4x4 gauze pads
Isopropyl Alcohol (IPA)
Styrofoam working surface

Mouse Information
Age: ___________(3-4 week)
Sex:____________
Weight:_________
Genotype:_______
TC Dish Preparation
1. ___ Coat a T12.5 with 0.5 mL ECM coating
2. ___ Allow final plate to coat overnight on
rocking platform (~ 10 rpm)
3. ___ In the morning wash plate with sterile PBS
a. 10 minutes per wash on rocking
platform (~ 10 rpm)
b. 2 washes
c. Wash with wash media (Sterile filter
media)
Collagenase Incubation Solution
1. ___ Weigh out 6 mg of type II collagenase
2. ___ In BSC combine with 3 mL of Base Media
3. ___ Resuspend well
Muscle Fiber Wash Plates
1. ___ Defrost aliquot of HS
2. ___ In BSC, Coat 4x 10cm dishes in HS
a. Label TC dishes 1-4
b. Pipette 7 mL of HS into first 10 cm dish
c. Transfer HS between dishes
d. Place remaining HS in 15 mL conical and
place in 37⁰C water bath

e. Aspirate excess HS from TC dishes
3. ___ Place 15 mL of wash media into Dish 1
4. ___ Place 5 mL of wash media into Dishes 2-4
5. ___ Warm plates in 37⁰C, 5% CO2 incubator
Muscle Excision – Extensor Digitorum Longus (EDL)
1. ___ Euthanize mouse
2. ___ Use insulin syringe needles to secure fore
and hind limbs to Styrofoam working surface
3. ___ Thoroughly spray hindlimbs with IPA
4. ___ Carefully remove the skin of both hindlimbs
a. The hindlimb should be exposed from
the knee joint to the midpoint of each
foot
5. ___ Carefully remove connective tissue around
the Tibialis Anterior (TA) Muscle
a. Make sure to expose the origin of the
EDL at the knee
6. ___ Create a pocket deep to the distal TA
tendon below the ankle
7. ___ Cut the distal TA tendon
8. ___ Holding the TA by its distal tendon, pull it
towards the knee cutting away connective
tissue as needed to separate it from the EDL
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1. ___ Cut the TA at its origin and set aside to
expose the EDL
2. ___ Create a pocket deep to the distal EDL
tendon
3. ___ Cut the Distal EDL tendon
4. ___ Holding the cut tendon, carefully pull EDL
towards the knee separating it from the
surrounding tissue
a. Avoid stretching the muscle as it will
damage individual myofibers
5. ___ Cut the proximal EDL tendon
a. Tendon to Tendon isolation is critical to
maintain fiber integrity
6. ___ Place EDL muscle into 3.0 mL of collagenase
solution
7. ___ Repeat process for contralateral hindlimb
a. placing muscles in collagenase solution
more than 5 min apart will lead to
uneven digestion
Muscle Digestion
1. ___Place 15 mL conical with EDL muscles and
collagenase in 37⁰C water bath
2. ___ Repeatedly invert the 15 mL conical for
every 10 min of incubation
3. ___ Incubate for 10 min
a. Digestion can take between 10-30 min
depending upon collagenase activity
4. ___ Following 10 min, remove 15 mL conical
every 5-10 min and inspect for proper digestion
a. Use dissecting microscope light on
brightest setting for lighting
b. When properly digested individual
myofibers should begin to protrude
from the surface of the muscle belly
c. If the muscle appears fuzzy under a
dissecting microscope or individual
fibers appear fat and milky in color, the
muscle has been overdigested
5. ___ Upon proper digestion level, remove 15 mL
conicals with HS and muscles from the water
bath
6. ___ Spray conicals down with IPA
7. ___ Remove dish 1 from incubator

8. ___ Coat glass pipettes in HS
9. ___ Use glass pipettes to remove muscles from
the 15 mL conical and transfer into the first dish
a. Place both muscles into the first dish
b. Place collagenase solution back into the
water bath (in case further digestion is
needed)
10. ___ Use glass pipettes to dissociate muscles
a. Progressively use smaller bevel
pipettes as the muscle becomes more
dissociated
b. The muscle should only be washed with
media or gently pipetted up and down
11. ___ Coat P1000 pipette tips with HS
12. ___ Use a dissecting scope and P1000 pipette to
pick out individual live myofibers from the dish
a. Live myofibers will appear shiny or clear
and be straight or crinkly
b. Dead myofibers will appear opaque and
bent or short
13. ___ Place all live fibers in the next numbered
dish
a. Muscles should not remain out of the
incubator for more than 10 min
14. ___ Repeat transfer process for the other wash
dishes
15. ___ Transfer fibers as described into the ECM
coated dish
16. ___ In a BSC, add 2 μL bFGF solution per 1mL of
media
17. ___ In a BSC, add 2 μL P38 inhibitor solution
(5mM) per 1mL of media
18. ___ Place final dish back in the incubator
a. Myoblasts should begin to migrate from
the myofibers within 3 days
b. Feed after 5 days (Partial media change
performed by transferring old media
into a conical with 5mL of fresh warm
media and transferring 5mL of the
solution into the flask)
19. ___ Passage cells upon local confluence or
average 80% confluence

NOTES:
• EDL muscles will have individual fibers protruding from the surface and slightly separate in the body of the muscle
when properly digested
• The use of a wash dish (dish 4) is only necessary if a large number of dead or fragments of fibers are impeding the
aspiration of live fibers only. You only want to aspirate live fibers
• Cells should be passed when large, dense (80% confluent) colonies appear around fibers. If cells start to elongate
(starting to differentiate), they should also be passed
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Primary Myoblast Expansion Protocol
Date:
Purpose: To expand primary mouse myoblasts from live Extensor Digitorum (EDL) muscle fibers
Necessary Materials:
• Growth Media (20% FBS in Base Media)
• SB 203580 working solution (5 mM)
• bFGF working solution (1μg/ml in PBS)
• Cell Dissociation Solution - EDTA (Fisher 13151014)
• PBS (-/-, Ca+2, Mg+2)
• ECM coated flask
• Microvial
• Hemocytometer
1. ___ Obtain an ~80% confluent culture vessel
a. myoblasts will begin to differentiate and form myotubes as they approach confluency
b. Takes up to 8 days before they are ready to pass
2. ___ Clean Phase Contrast Microscope with 70% v/v Isopropanol (IPA)
3. ___ Image save pictures of the culture with a phase contrast microscope
4. ___ Determine passage ratio to be used
a. myoblasts should not be split at a ratio higher than 1:3
EDTA Passaging
1. ___ Warm Growth media and factors in 37C H2O bath immediately before use
2. ___ Aspirate media from culture vessel
3. ___ Wash with DPBS (-/-) and aspirate (repeat 2x)
4. ___ Add warm Cell Dissociation solution
a. 0.066 ml/cm2 surface (T12.5 – 0.8 ml, T75 – 5 ml)
5. ___ Immediately place in incubator for ~5 min
6. ___ Observe with phase contrast microscope
a. cells should begin to ball up and become phase bright
7. ___ Hit the flask repeatedly to dislodge weakly adherent cells
a. more differentiated cells will more strongly adhere to the dish
8. ___ If insufficient cells have detached, return to the incubator for an additional min
9. ___ Repeat process until sufficient cells have detached
a. highly differentiated cells may never detach
b. cells can be selectively passaged by altering incubation time/hitting of the flask
10. ___ Add the same volume of Growth Media as EDTA to prevent further chelation
11. ___ Label a 15 ml conical tube and transfer the cell suspension
12. ___ Count cells using hemocytometer
13. ___ Centrifuge at 300g for 5 min to create a cell pellet
14. ___ Aspirate media from the conical
a. be careful to avoid aspirating the pellet
15. ___ Resuspend in the volume of growth media (+ factors) appropriate for the chosen passage ratio
16. ___ Repeatedly pipette up and down to break of cell clumps
17. ___ Rock the culture vessel repeatedly: forward/back and left/right to evenly disperse the cells
a. Even cell distribution can be checked under the phase contrast microscope
18. ___ Place in incubator
a. close the door gently to prevent uneven cell distribution
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Appendix F. CellTiter-Glo 3D Cell Viability Assay Technical Manual, TM412
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Appendix G. Confocal Operating Procedure
1. Flip switches (8 total) on confocal microscope hardware
i. turn on from bottom to top and left to right
2. Five mins later, turn keys to on position
3. Open all shutters fully while imaging
4. Select consistent laser powers; 5% for FITC and 25% for TXRED.
5. Use epi-illumination to find a desirable spot on the sample then switch to XY scanning
6. Place coverglass slide on stage and use the joystick control to center the slide
7. Select 40X objective. Use epi-illumination to find desirable spot on sample, then switch to
XY scanning and refocus objective
8. Take Z-stack by selecting XY with ‘depth’
9. Save images as .oib files to retain acquisition settings or as .tiff files for ImageJ
reconstruction.
10. Turn off microscope
i. Close shutters
b. Turn keys to off position (top to bottom and right to left)
i. After five mins, turn confocal hardware boxes off (top to bottom and
right to left)
11. Cover microscope
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Appendix H. JMP Statistical Analysis of Stiffness by Polymer Type
Oneway Analysis of Average Stiffness (Pa) By Polymer Composition

Oneway Anova
Summary of Fit
Rsquare
Adj Rsquare
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.989034
0.986978
9684.574
75661.5
20

Analysis of Variance
Source
DF Sum of Squares Mean Square F Ratio Prob > F
Polymer Composition 3
1.3535e+11
4.512e+10 481.0320 <.0001*
Error
16
1500655520
93790970
C. Total
19
1.3685e+11

Means and Std Deviations
Level
Number
Mean
15/30/55
5
5106
22/22/55
5
14800
33/66
5
211200
45/55
5
71540
PDMS
5 630511.42

Std Dev Std Err Mean Lower 95% Upper 95%
2576.9905
1152.4652 1906.2437 8305.7563
3450.3623
1543.0489 10515.809 19084.191
17824.141
7971.1982 189068.41 233331.59
6238.4293
2789.9104 63793.967 79286.033
656071.35
293404.03 -184108.7 1445131.6

Means for Oneway Anova
Level
Number Mean Std Error Lower 95% Upper 95%
15/30/55
5 5106
4331.1
-4075
14287
22/22/55
5 14800
4331.1
5619
23981
33/66
5 211200
4331.1
202019
220381
45/55
5 71540
4331.1
62359
80721
Std Error uses a pooled estimate of error variance
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Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
Confidence Quantile
q* Alpha
2.86102 0.05

HSD Threshold Matrix
Abs(Dif)-HSD

33/66
45/55
22/22/55
15/30/55

33/66
-17524
122136
178876
188570

45/55 22/22/55 15/30/55
122136 178876 188570
-17524 39216
48910
39216 -17524
-7830
48910
-7830 -17524

Positive values show pairs of means that are significantly different.

Connecting Letters Report
Level
Mean
33/66
A
211200.00
45/55
B
71540.00
22/22/55
C 14800.00
15/30/55
C 5106.00
Levels not connected by same letter are significantly different.

Ordered Differences Report
Level
33/66
33/66
33/66
45/55
45/55
22/22/55

- Level
15/30/55
22/22/55
45/55
15/30/55
22/22/55
15/30/55

Difference
206094.0
196400.0
139660.0
66434.0
56740.0
9694.0

Std Err Dif
6125.062
6125.062
6125.062
6125.062
6125.062
6125.062

Lower CL
188570
178876
122136
48910
39216
-7830

Upper CL
223617.9
213923.9
157183.9
83957.9
74263.9
27217.9

p-Value
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
0.4153
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Appendix I. Water Retention JMP-15 Pro ANNOVA & Tukey T-test Analysis
Oneway Analysis of Water Retention % By Polymer Composition

Oneway Anova
Summary of Fit
Rsquare
Adj Rsquare
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.808996
0.737369
0.099662
0.605967
12

Means and Std Deviations
Level
Number
Mean Std Dev Std Err Mean Lower 95% Upper 95%
15/30/55
3 0.4166667 0.0434665
0.0250954
0.30869 0.5246433
22.5/22.5/55
3 0.4633333 0.078239
0.0451713
0.268977 0.6576897
33/66
3 0.7933333 0.0537153
0.0310125 0.6598971 0.9267695
45/55
3 0.7505333 0.1698066
0.0980379 0.3287103 1.1723564

Analysis of Variance
Source
DF Sum of Squares Mean Square F Ratio Prob > F
Polymer Composition 3
0.33655364
0.112185 11.2946 0.0030*
Error
8
0.07946059
0.009933
C. Total
11
0.41601423

Means for Oneway Anova
Level
Number
Mean Std Error Lower 95% Upper 95%
15/30/55
3 0.416667 0.05754
0.28398
0.54935
22.5/22.5/55
3 0.463333 0.05754
0.33065
0.59602
33/66
3 0.793333 0.05754
0.66065
0.92602
45/55
3 0.750533 0.05754
0.61785
0.88322
Std Error uses a pooled estimate of error variance
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Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
Confidence Quantile
q* Alpha
3.20234 0.05

HSD Threshold Matrix
Abs(Dif)-HSD

33/66
45/55
22.5/22.5/55
15/30/55

33/66
-0.26059
-0.21779
0.06941
0.11608

45/55 22.5/22.5/55 15/30/55
-0.21779
0.06941 0.11608
-0.26059
0.02661 0.07328
0.02661
-0.26059 -0.21392
0.07328
-0.21392 -0.26059

Positive values show pairs of means that are significantly different.

Connecting Letters Report
Level
Mean
33/66
A
0.79333333
45/55
A
0.75053333
22.5/22.5/55
B 0.46333333
15/30/55
B 0.41666667
Levels not connected by same letter are significantly different.

Ordered Differences Report
Level
33/66
45/55
33/66
45/55
22.5/22.5/55
33/66

- Level
15/30/55
15/30/55
22.5/22.5/55
22.5/22.5/55
15/30/55
45/55

Difference
0.3766667
0.3338667
0.3300000
0.2872000
0.0466667
0.0428000

Std Err Dif
0.0813739
0.0813739
0.0813739
0.0813739
0.0813739
0.0813739

Lower CL
0.116079
0.073279
0.069413
0.026613
-0.213921
-0.217787

Upper CL
0.6372540
0.5944540
0.5905873
0.5477873
0.3072540
0.3033873

p-Value
0.0073*
0.0145*
0.0155*
0.0317*
0.9373
0.9504

76
Appendix J. CellTiter-Glo 3D Cell Viability Assay Negative Control

Polymer & Cell Barren Media Negative Controls. Data are
presented as Mean+/- SE

The signal-to-noise ratio of cell bearing polymer to cell barren polymer is greater than 1000,
given that each of the barren polymers have RLU counts on the order of thousands while the RLU
counts of cell bearing polymers were on the order of millions. The average RLU of myoblasts
plated alone without polymer is 28E+6, which is in the upper limits of detect for the viability
assay, but the interaction of the luciferase in the assay with the polymer mediates the RLU
readout to approximately 1-10 million RLU for 15,000 cells. Starting with a lower RLU count
allows ample room for the cells to proliferate at later time points without exceeding the limit of
detection.
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Negative Controls for TXRED (left) & FITC (right) on 15:30:55 polymer.
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Appendix K. Myoblast Cell Spreading on Borosilicate Glass Coverslip

Live Myoblasts Cultured on Borosilicate Glass Coverslip at 72 hours.
Scale bar is 100 𝜇𝑚 in length.
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Appendix L. Pure ATP in NIPAM-based Copolymer Standard Curve

1.5×10 8

RLU

1×10 8

5×10 7

μM
10

μM
5

1

μM

0

ATP Concentration (μM)
Standard Curve Test of ATP in Polymer. RLU
recorded over increasing concentrations of ATP,
where each titration was mixed with 15:30:55,
22.5:22.5:55,
and
33:00:66
polymer
compositions and assessed by linear regression to
establish linearity (𝑅 2 = 0.96).
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Appendix M. ANNOVA & T-test of Glomax Viability between time points, sorted by polymer
composition & between polymers, sorted by time points.
Oneway Analysis of Fold Change By Time Polymer Composition=15/30/55

Oneway Anova
Summary of Fit
Rsquare
0.895558
Adj Rsquare
0.875976
Root Mean Square Error
0.681097
Mean of Response
3.3925
Observations (or Sum Wgts)
20

Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio Prob > F
Time
3
63.644095
21.2147 45.7319 <.0001*
Error
16
7.422280
0.4639
C. Total 19
71.066375

Means for Oneway Anova
Level Number Mean Std Error Lower 95% Upper 95%
0 hr
5 1.00000 0.30460
0.3543
1.6457
24 hr
5 2.48800 0.30460
1.8423
3.1337
48 hr
5 4.42800 0.30460
3.7823
5.0737
72 hr
5 5.65400 0.30460
5.0083
6.2997
Std Error uses a pooled estimate of error variance

Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
Confidence Quantile
q* Alpha
2.86102 0.05

HSD Threshold Matrix
Abs(Dif)-HSD
72 hr 48 hr 24 hr
0 hr
72 hr -1.2324 -0.0064 1.9336 3.4216
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72 hr 48 hr 24 hr
0 hr
48 hr -0.0064 -1.2324 0.7076 2.1956
24 hr 1.9336 0.7076 -1.2324 0.2556
0 hr 3.4216 2.1956 0.2556 -1.2324
Positive values show pairs of means that are significantly different.

Connecting Letters Report
Level
72 hr A
48 hr A
24 hr
B
0 hr
C

Mean
5.6540000
4.4280000
2.4880000
1.0000000

Levels not connected by same letter are significantly different.

Ordered Differences Report
Level
72 hr
48 hr
72 hr
48 hr
24 hr
72 hr

- Level
0 hr
0 hr
24 hr
24 hr
0 hr
48 hr

Difference
4.654000
3.428000
3.166000
1.940000
1.488000
1.226000

Std Err Dif
0.4307633
0.4307633
0.4307633
0.4307633
0.4307633
0.4307633

Lower CL
3.42158
2.19558
1.93358
0.70758
0.25558
-0.00642

Upper CL
5.886422
4.660422
4.398422
3.172422
2.720422
2.458422

p-Value
<.0001*
<.0001*
<.0001*
0.0018*
0.0155*
0.0514

Oneway Analysis of Fold Change By Time Polymer Composition=22.5/22.5/55

Oneway Anova
Summary of Fit
Rsquare
0.739016
Adj Rsquare
0.690082
Root Mean Square Error
1.192762
Mean of Response
2.2575
Observations (or Sum Wgts)
20

Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio Prob > F
Time
3
64.456695
21.4856 15.1022 <.0001*
Error
16
22.762880
1.4227
C. Total 19
87.219575
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Means for Oneway Anova
Level Number Mean Std Error Lower 95% Upper 95%
0 hr
5 1.00000 0.53342
-0.131
2.1308
24 hr
5 1.18600 0.53342
0.055
2.3168
48 hr
5 1.49200 0.53342
0.361
2.6228
72 hr
5 5.35200 0.53342
4.221
6.4828
Std Error uses a pooled estimate of error variance

Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
Confidence Quantile
q* Alpha
2.86102 0.05

HSD Threshold Matrix
Abs(Dif)-HSD

72 hr
48 hr
24 hr
0 hr

72 hr
-2.1583
1.7017
2.0077
2.1937

48 hr
1.7017
-2.1583
-1.8523
-1.6663

24 hr
2.0077
-1.8523
-2.1583
-1.9723

0 hr
2.1937
-1.6663
-1.9723
-2.1583

Positive values show pairs of means that are significantly different.

Connecting Letters Report
Level
Mean
72 hr A
5.3520000
48 hr
B 1.4920000
24 hr
B 1.1860000
0 hr
B 1.0000000
Levels not connected by same letter are significantly different.

Ordered Differences Report
Level
72 hr
72 hr
72 hr
48 hr
48 hr
24 hr

- Level
0 hr
24 hr
48 hr
0 hr
24 hr
0 hr

Difference
4.352000
4.166000
3.860000
0.492000
0.306000
0.186000

Std Err Dif
0.7543686
0.7543686
0.7543686
0.7543686
0.7543686
0.7543686

Lower CL
2.19374
2.00774
1.70174
-1.66626
-1.85226
-1.97226

Upper CL
6.510264
6.324264
6.018264
2.650264
2.464264
2.344264

p-Value
0.0002*
0.0002*
0.0005*
0.9132
0.9767
0.9945
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Oneway Analysis of Fold Change By Time Polymer Composition=33/66

Oneway Anova
Summary of Fit
Rsquare
0.878082
Adj Rsquare
0.855222
Root Mean Square Error
2.225217
Mean of Response
7.777
Observations (or Sum Wgts)
20

Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio Prob > F
Time
3
570.59814
190.199 38.4118 <.0001*
Error
16
79.22548
4.952
C. Total 19
649.82362

Means for Oneway Anova
Level Number Mean Std Error Lower 95% Upper 95%
0 hr
5 1.0000 0.99515
-1.11
3.110
24 hr
5 4.1840 0.99515
2.07
6.294
48 hr
5 12.0920 0.99515
9.98
14.202
72 hr
5 13.8320 0.99515
11.72
15.942
Std Error uses a pooled estimate of error variance

Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
Confidence Quantile
q* Alpha
2.86102 0.05

HSD Threshold Matrix
Abs(Dif)-HSD

72 hr
48 hr
24 hr
0 hr

72 hr
-4.0265
-2.2865
5.6215
8.8055

48 hr
-2.2865
-4.0265
3.8815
7.0655

24 hr
5.6215
3.8815
-4.0265
-0.8425

0 hr
8.8055
7.0655
-0.8425
-4.0265
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Positive values show pairs of means that are significantly different.

Connecting Letters Report
Level
Mean
72 hr A
13.832000
48 hr A
12.092000
24 hr
B 4.184000
0 hr
B 1.000000
Levels not connected by same letter are significantly different.

Ordered Differences Report
Level
72 hr
48 hr
72 hr
48 hr
24 hr
72 hr

- Level
0 hr
0 hr
24 hr
24 hr
0 hr
48 hr

Difference
12.83200
11.09200
9.64800
7.90800
3.18400
1.74000

Std Err Dif
1.407351
1.407351
1.407351
1.407351
1.407351
1.407351

Lower CL
8.80554
7.06554
5.62154
3.88154
-0.84246
-2.28646

Upper CL
16.85846
15.11846
13.67446
11.93446
7.21046
5.76646

p-Value
<.0001*
<.0001*
<.0001*
0.0002*
0.1489
0.6139

Oneway Analysis of Fold Change By Time Polymer Composition=45/55

Oneway Anova
Summary of Fit
Rsquare
0.74935
Adj Rsquare
0.702353
Root Mean Square Error
0.314948
Mean of Response
1.4365
Observations (or Sum Wgts)
20

Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio Prob > F
Time
3
4.7447750
1.58159 15.9447 <.0001*
Error
16
1.5870800
0.09919
C. Total 19
6.3318550

Means for Oneway Anova
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Level Number Mean Std Error Lower 95% Upper 95%
0 hr
5 0.99800 0.14085
0.6994
1.2966
24 hr
5 1.23000 0.14085
0.9314
1.5286
48 hr
5 1.25600 0.14085
0.9574
1.5546
72 hr
5 2.26200 0.14085
1.9634
2.5606
Std Error uses a pooled estimate of error variance

Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
Confidence Quantile
q* Alpha
2.86102 0.05

HSD Threshold Matrix
Abs(Dif)-HSD

72 hr
48 hr
24 hr
0 hr

72 hr
-0.56989
0.43611
0.46211
0.69411

48 hr
0.43611
-0.56989
-0.54389
-0.31189

24 hr
0.46211
-0.54389
-0.56989
-0.33789

0 hr
0.69411
-0.31189
-0.33789
-0.56989

Positive values show pairs of means that are significantly different.

Connecting Letters Report
Level
Mean
72 hr A
2.2620000
48 hr
B 1.2560000
24 hr
B 1.2300000
0 hr
B 0.9980000
Levels not connected by same letter are significantly different.

Ordered Differences Report
Level
72 hr
72 hr
72 hr
48 hr
24 hr
48 hr

- Level
0 hr
24 hr
48 hr
0 hr
0 hr
24 hr

Difference
1.264000
1.032000
1.006000
0.258000
0.232000
0.026000

Std Err Dif
0.1991909
0.1991909
0.1991909
0.1991909
0.1991909
0.1991909

Lower CL
0.694111
0.462111
0.436111
-0.311889
-0.337889
-0.543889

Upper CL
1.833889
1.601889
1.575889
0.827889
0.801889
0.595889

p-Value
<.0001*
0.0005*
0.0006*
0.5788
0.6565
0.9992
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Oneway Analysis of Fold Change By Polymer Composition Time=0 hr

Oneway Anova
Summary of Fit
Rsquare
5.708e-6
Adj Rsquare
-0.18749
Root Mean Square Error
0.405268
Mean of Response
0.9995
Observations (or Sum Wgts)
20

Analysis of Variance
Source
DF Sum of Squares Mean Square F Ratio Prob > F
Polymer Composition 3
0.0000150
0.000005 0.0000 1.0000
Error
16
2.6278800
0.164243
C. Total
19
2.6278950

Means for Oneway Anova
Level
Number Mean Std Error Lower 95% Upper 95%
15/30/55
5 1.00000 0.18124
0.61579
1.3842
22.5/22.5/55
5 1.00000 0.18124
0.61579
1.3842
33/66
5 1.00000 0.18124
0.61579
1.3842
45/55
5 0.99800 0.18124
0.61379
1.3822
Std Error uses a pooled estimate of error variance

Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
Confidence Quantile
q* Alpha
2.86102 0.05

HSD Threshold Matrix
Abs(Dif)-HSD

15/30/55
22.5/22.5/55
33/66
45/55

15/30/55 22.5/22.5/55
33/66
45/55
-0.73332
-0.73332 -0.73332 -0.73132
-0.73332
-0.73332 -0.73332 -0.73132
-0.73332
-0.73332 -0.73332 -0.73132
-0.73132
-0.73132 -0.73132 -0.73332
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Positive values show pairs of means that are significantly different.

Connecting Letters Report
Level
15/30/55
22.5/22.5/55
33/66
45/55

A
A
A
A

Mean
1.0000000
1.0000000
1.0000000
0.9980000

Levels not connected by same letter are significantly different.

Ordered Differences Report
Level
15/30/55
22.5/22.5/55
33/66
22.5/22.5/55
33/66
33/66

- Level
45/55
45/55
45/55
15/30/55
15/30/55
22.5/22.5/55

Difference
0.0020000
0.0020000
0.0020000
0.0000000
0.0000000
0.0000000

Std Err Dif
0.2563143
0.2563143
0.2563143
0.2563143
0.2563143
0.2563143

Lower CL
-0.731320
-0.731320
-0.731320
-0.733320
-0.733320
-0.733320

Upper CL
0.7353203
0.7353203
0.7353203
0.7333203
0.7333203
0.7333203

p-Value
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

Oneway Analysis of Fold Change By Polymer Composition Time=24 hr

Oneway Anova
Summary of Fit
Rsquare
0.501069
Adj Rsquare
0.407519
Root Mean Square Error
1.362684
Mean of Response
2.272
Observations (or Sum Wgts)
20

Analysis of Variance
Source
DF Sum of Squares Mean Square F Ratio Prob > F
Polymer Composition 3
29.837800
9.94593 5.3562 0.0096*
Error
16
29.710520
1.85691
C. Total
19
59.548320

Means for Oneway Anova
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Level
Number Mean Std Error Lower 95% Upper 95%
15/30/55
5 2.48800 0.60941
1.196
3.7799
22.5/22.5/55
5 1.18600 0.60941
-0.106
2.4779
33/66
5 4.18400 0.60941
2.892
5.4759
45/55
5 1.23000 0.60941
-0.062
2.5219
Std Error uses a pooled estimate of error variance

Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
Confidence Quantile
q* Alpha
2.86102 0.05

HSD Threshold Matrix
Abs(Dif)-HSD

33/66
15/30/55
45/55
22.5/22.5/55

33/66
-2.4657
-0.7697
0.4883
0.5323

15/30/55
-0.7697
-2.4657
-1.2077
-1.1637

45/55 22.5/22.5/55
0.4883
0.5323
-1.2077
-1.1637
-2.4657
-2.4217
-2.4217
-2.4657

Positive values show pairs of means that are significantly different.

Connecting Letters Report
Level
Mean
33/66
A
4.1840000
15/30/55
A B 2.4880000
45/55
B 1.2300000
22.5/22.5/55
B 1.1860000
Levels not connected by same letter are significantly different.

Ordered Differences Report
Level
33/66
33/66
33/66
15/30/55
15/30/55
45/55

- Level
22.5/22.5/55
45/55
15/30/55
22.5/22.5/55
45/55
22.5/22.5/55

Difference
2.998000
2.954000
1.696000
1.302000
1.258000
0.044000

Std Err Dif
0.8618370
0.8618370
0.8618370
0.8618370
0.8618370
0.8618370

Lower CL
0.53227
0.48827
-0.76973
-1.16373
-1.20773
-2.42173

Upper CL
5.463733
5.419733
4.161733
3.767733
3.723733
2.509733

p-Value
0.0148*
0.0164*
0.2406
0.4543
0.4829
1.0000
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Oneway Analysis of Fold Change By Polymer Composition Time=48 hr

Oneway Anova
Summary of Fit
Rsquare
0.902926
Adj Rsquare
0.884724
Root Mean Square Error
1.606459
Mean of Response
4.817
Observations (or Sum Wgts)
20

Analysis of Variance
Source
DF Sum of Squares Mean Square F Ratio Prob > F
Polymer Composition 3
384.06646
128.022 49.6073 <.0001*
Error
16
41.29136
2.581
C. Total
19
425.35782

Means for Oneway Anova
Level
Number Mean Std Error Lower 95% Upper 95%
15/30/55
5 4.4280 0.71843
2.90
5.951
22.5/22.5/55
5 1.4920 0.71843
-0.031
3.015
33/66
5 12.0920 0.71843
10.57
13.615
45/55
5 1.2560 0.71843
-0.27
2.779
Std Error uses a pooled estimate of error variance

Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
Confidence Quantile
q* Alpha
2.86102 0.05

HSD Threshold Matrix
Abs(Dif)-HSD

33/66
15/30/55
22.5/22.5/55
45/55

33/66 15/30/55 22.5/22.5/55 45/55
-2.9068 4.7572
7.6932 7.9292
4.7572 -2.9068
0.0292 0.2652
7.6932 0.0292
-2.9068 -2.6708
7.9292 0.2652
-2.6708 -2.9068
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Positive values show pairs of means that are significantly different.

Connecting Letters Report
Level
Mean
33/66
A
12.092000
15/30/55
B
4.428000
22.5/22.5/55
C 1.492000
45/55
C 1.256000
Levels not connected by same letter are significantly different.

Ordered Differences Report
Level
33/66
33/66
33/66
15/30/55
15/30/55
22.5/22.5/55

- Level
45/55
22.5/22.5/55
15/30/55
45/55
22.5/22.5/55
45/55

Difference
10.83600
10.60000
7.66400
3.17200
2.93600
0.23600

Std Err Dif
1.016014
1.016014
1.016014
1.016014
1.016014
1.016014

Lower CL
7.92916
7.69316
4.75716
0.26516
0.02916
-2.67084

Upper CL
13.74284
13.50684
10.57084
6.07884
5.84284
3.14284

p-Value
<.0001*
<.0001*
<.0001*
0.0301*
0.0473*
0.9954

Oneway Analysis of Fold Change By Polymer Composition Time=72 hr

Oneway Anova
Summary of Fit
Rsquare
0.907646
Adj Rsquare
0.89033
Root Mean Square Error
1.528233
Mean of Response
6.775
Observations (or Sum Wgts)
20

Analysis of Variance
Source
DF Sum of Squares Mean Square F Ratio Prob > F
Polymer Composition 3
367.24994
122.417 52.4157 <.0001*
Error
16
37.36796
2.335
C. Total
19
404.61790

Means for Oneway Anova
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Level
Number Mean Std Error Lower 95% Upper 95%
15/30/55
5 5.6540 0.68345
4.205
7.103
22.5/22.5/55
5 5.3520 0.68345
3.903
6.801
33/66
5 13.8320 0.68345
12.383
15.281
45/55
5 2.2620 0.68345
0.813
3.711
Std Error uses a pooled estimate of error variance

Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
Confidence Quantile
q* Alpha
2.86102 0.05

HSD Threshold Matrix
Abs(Dif)-HSD

33/66
15/30/55
22.5/22.5/55
45/55

33/66 15/30/55 22.5/22.5/55 45/55
-2.7653 5.4127
5.7147 8.8047
5.4127 -2.7653
-2.4633 0.6267
5.7147 -2.4633
-2.7653 0.3247
8.8047 0.6267
0.3247 -2.7653

Positive values show pairs of means that are significantly different.

Connecting Letters Report
Level
33/66
A
15/30/55
B
22.5/22.5/55
B
45/55
C

Mean
13.832000
5.654000
5.352000
2.262000

Levels not connected by same letter are significantly different.

Ordered Differences Report
Level
33/66
33/66
33/66
15/30/55
22.5/22.5/55
15/30/55

- Level
45/55
22.5/22.5/55
15/30/55
45/55
45/55
22.5/22.5/55

Difference
11.57000
8.48000
8.17800
3.39200
3.09000
0.30200

Std Err Dif
0.9665397
0.9665397
0.9665397
0.9665397
0.9665397
0.9665397

Lower CL
8.80471
5.71471
5.41271
0.62671
0.32471
-2.46329

Upper CL
14.33529
11.24529
10.94329
6.15729
5.85529
3.06729

p-Value
<.0001*
<.0001*
<.0001*
0.0139*
0.0259*
0.9890
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Appendix N. Predictive Expression Modeling in JMP
Response D4 Fold Change
Stiffness + Water Retention + Surface Energy
Actual by Predicted Plot

Effect Summary
Source
LogWorth
Stiffness (kPa)
2.082
Water Retention (%)
1.520
Surface Energy (Dyne/cm)
0.053

Residual by Predicted Plot

Summary of Fit
RSquare
0.907646
RSquare Adj
0.89033
Root Mean Square Error
1.528233
Mean of Response
6.775
Observations (or Sum Wgts)
20

Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Model
3
367.24994
122.417 52.4157
Error
16
37.36796
2.335 Prob > F
C. Total 19
404.61790
<.0001*

Parameter Estimates
Term
Intercept
Stiffness (kPa)
Water Retention (%)

Estimate Std Error t Ratio Prob>|t|
67.293127 341.4818
0.20 0.8463
0.0874165 0.029023
3.01 0.0083*
-0.30325 0.12754 -2.38 0.0302*

PValue
0.00827
0.03023
0.88508
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Term
Estimate Std Error t Ratio Prob>|t|
Surface Energy (Dyne/cm) -1.318642 8.979035 -0.15 0.8851

Prediction Expression

Expanded Estimates
Term
Estimate Std Error t Ratio Prob>|t|
Intercept
67.293127 341.4818
0.20 0.8463
Stiffness (kPa)
0.0874165 0.029023
3.01 0.0083*
Water Retention (%)
-0.30325 0.12754 -2.38 0.0302*
Surface Energy (Dyne/cm) -1.318642 8.979035 -0.15 0.8851

Sequential (Type 1) Tests
Source
Nparm DF
Seq SS F Ratio Prob > F
Stiffness (kPa)
1 1 240.38002 102.9245 <.0001*
Water Retention (%)
1 1 126.81955 54.3009 <.0001*
Surface Energy (Dyne/cm)
1 1 0.05037 0.0216 0.8851

Response D4 Fold Change
Stiffness + Water Retention
Actual by Predicted Plot

Effect Summary
Source
LogWorth
Stiffness (kPa)
8.974
Water Retention (%)
6.130

PValue
0.00000
0.00000

Lack Of Fit
Source
DF Sum of Squares Mean Square
Lack Of Fit 1
0.050370
0.05037

F Ratio
0.0216
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Source
DF Sum of Squares Mean Square F Ratio
Pure Error 16
37.367960
2.33550 Prob > F
Total Error 17
37.418330
0.8851
Max RSq
0.9076

Residual by Predicted Plot

Summary of Fit
RSquare
0.907522
RSquare Adj
0.896642
Root Mean Square Error
1.483603
Mean of Response
6.775
Observations (or Sum Wgts)
20

Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Model
2
367.19957
183.600 83.4136
Error
17
37.41833
2.201 Prob > F
C. Total 19
404.61790
<.0001*

Parameter Estimates
Term
Intercept
Stiffness (kPa)
Water Retention (%)

Estimate Std Error t Ratio Prob>|t|
17.144629 1.842175
9.31 <.0001*
0.0915186 0.007653 11.96 <.0001*
-0.285404
0.0376 -7.59 <.0001*

Effect Tests
Source
Nparm DF Sum of Squares F Ratio Prob > F
Stiffness (kPa)
1 1
314.72775 142.9880 <.0001*
Water Retention (%)
1 1
126.81955 57.6170 <.0001*

Prediction Expression

Sequential (Type 1) Tests
Source
Nparm DF
Seq SS F Ratio Prob > F
Stiffness (kPa)
1 1 240.38002 109.2101 <.0001*
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Appendix O. Different Copolymer Topographies Post-Extrusion
33:00:66

45:00:55

15:30:55

Different NIPAM-based polymer topographies post-extrusion and transition into semi-solid
hydrogels. Each polymer composition formed a puck shaped disk after heated at 37°C for 10
minutes.
Appendix P. Myogenic Staining of Myoblasts in 15/30/55 HEMA/HEA/NIPAM Polymer
It was calculated that in the cells stained for MyoD conjugated with FITC, only 17% of the cells
expressed MyoD. In cells stained for MyoD conjugated with Alexa Fluor 647, no expression was
detected.

Myoblast positive controls. Left: MyoD conjugated with FITC, no polymer. Right: MyoD
conjugated with Alexa Fluor 647, no polymer. Both stained with BBI.
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Average total cell count of MyoD/FITC stained myoblasts in 15:30:55. Data represent mean
values ± SE. A t-test was performed to determine statistical significance and the resulting p-value
was 0.1247.

Average percentage of MyoD positive cells in MyoD/FITC stained myoblasts in 15:30:55. Data
represent mean values ± SE. A t-test was performed to determine statistical significance and the
resulting p-value was 0.9761.
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Average total cell count of MyoD/Alexa Fluor 647 stained myoblasts in 15:30:55. Data
represent mean values ± SE. A one-way ANOVA was performed to determine statistical
significance and the resulting p-value for variation between groups was 0.2008.

Average percentage of MyoD positive cells in MyoD/Alexa Fluor 647 stained myoblasts in
15/30/55. Data represent mean values ± SE. A one-way ANOVA was performed to determine
statistical significance and the resulting p-value for variation between groups was 0.5026.

